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ABSTRACT 
 
In ultimate limit state design of masonry structures specified compressive strength (f’m) is the 
most important material property. It is believed that the compressive strength of concrete 
masonry prism is influenced by the height-to-thickness ratio. Also, the effect of bond type on the 
strength of concrete masonry is not significant recommended by the Canadian standard. 
Moreover, it is believed that face shell bedding induces lateral tensile stress on the web 
compared with full bedding. This study was carried out to investigate the effect of height-to-
thickness ratio, bond type as well as mortar joint type on concrete masonry compressive strength. 
An experimental study using 78 prisms was completed. It was observed that the compressive 
strength for both grouted and hollow prisms decreases with the increase of the height-to-
thickness ratio from 2 to 5. The effect of bond type and mortar joint type on concrete masonry 
compressive strength is statistically insignificant.  
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 INTRODUCTION 1.
1.1 GENERAL 
Concrete masonry prism is a composite structure and consists of concrete blocks, mortar, and 
grout. In addition to the variability of materials, concrete blocks in use have a wide range of 
sizes, shapes, and strength. The mortar bonds the units together and also provides a uniform 
bearing surface between the units. The mortar is classified by strength and mixed by volume (or 
mass) proportions. Two mortar beddings are normally used in construction which are full 
bedding and face shell bedding. However, face shell bedding is commonly used in North 
America. Fine and coarse grout can be used to enhance the load carrying capacity and bonding 
with the reinforcement by filling in cores and walls. High slump is required so as to ensure 
flowability and fill all the voids. 
 
In ultimate limit state design of masonry structures specified compressive strength (f’m) is the 
most important material property. North American Standards and Codes (Canadian Standard 
Association, CSA S304.1-04 and American Concrete Institute, ACI 530-08) recommend two 
methods for determining the f’m value. The first method is called unit strength method which 
uses block unit strength and mortar type and height-to-thickness ratio to determine the value of 
f’m. This method is convenient but yields conservative results. The second method uses tests on 
masonry prisms with a height-to-thickness ratio of 2.0 to 5.0 to obtain the f’m value. This method 
is accurate but expensive and time consuming.  
 
1.2 PROBLEM STATEMENT 
The specified compressive strength is influenced by the height-to-thickness ratio. The current 
Canadian Standard provided by (CSA S304.1, 2004a) recommends using correction factors to 
calculate f’m value for an equivalent five course high prism if a prism with a different height-to-
thickness ratio is tested. The correction factors are provided for the unit type (solid or hollow) 
and the value of height-to-thickness ratio. For grouted prisms the correction factors change from 
1.0 to 0.8 where a prism with a h/t ratio of 5 is set as the reference. This indicates that the 
specified compressive strength of grouted prisms decreases with the increase of h/t ratio. Similar 
guidelines are provided in the American Standard (American Society for Testing and Materials, 
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ASTM C1314 (2011a)) where the strength of a two course high prism is set as the reference. For 
hollow prisms the correction factor does not change with the change in h/t ratio which states that 
the specified compressive strengths of hollow prisms with different h/t ratio are the same (CSA 
S304.1, 2004a). European and Australian Standards do not provide any such guideline for the 
hollow prisms. Only limited data on the effect of h/t ratio on prism compressive strength are 
available. The studies on the influence of the h/t ratio on the strength of grouted prisms made 
similar conclusions to Canadian Standard’s recommendation. Although a few studies on hollow 
prisms found that the h/t ratio influences the compressive strength of hollow prisms, the 
Canadian Standard (CSA S304.1, 2004) does not agree with this result. Hence, the current study 
was carried out to investigate the effect of h/t ratio effect on the compressive strength of concrete 
masonry prisms. 
 
Two bond types (running bond and stack bond) and mortar bedding types (full bedding and face 
shell bedding) are normally used in masonry construction. Although stack pattern and full is not 
widely used in North America, prism specimens are often constructed using these (CSA S304.1 
2004a) due to easy handling and efficiency improving. Previous studies found that the influence 
of bond type and mortar bedding type on prism compressive strength is not significant. However, 
due to use of limited block unit types, mortar types, and grout types used in these studies, these 
conclusions may not be valid for every circumstance. Hence, the effect of bond pattern and 
mortar bedding type on prism compressive strength is also investigated in this study. 
 
1.3 OBJECTIVES 
The objectives are listed as follows: 
 Determine the effect of height-to-thickness ratio on the compressive strength of grouted and 
hollow concrete masonry prisms. 
 Determine the height-to-thickness ratio correction factor values for both grouted and hollow 
concrete masonry prism and compared with existing tabular. 
 Investigate the effect of bond type on concrete masonry prism compressive strength. 
 Determine the effect of mortar bedding types on concrete masonry prism compressive 
strength. 
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1.4 SCOPE OF WORK 
The objectives were achieved using experimental method. The following were the activities 
compared under the scope of this work. 
 Conduct a detailed literature review on masonry prism compressive behavior. 
 Carry out a larger number of tests on various materials and prisms with various height-to-
thickness ratios, bond types, and mortar bedding types. 
 Analyze the test data to determine the effect of the h/t ratio, bond type, and mortar bedding 
type on prism compressive strength. 
 Undertake extensive statistical analysis to investigate the statistical significance of the data 
analyzed 
 
1.5 METHODOLOGY 
In order to determine the effect of the above mentioned parameters on the compressive strength 
of concrete masonry prisms, a total of 78 prism specimens were built and tested. The specimens 
were categorized by height-to-thickness ratio ranging from 2.0 to 5.0. The study was carried out 
for both grouted and hollow prisms. For each prism type, six specimens were prepared. Two 
bond types were used on both hollow and grouted two course high prisms. Prisms with a h/t ratio 
of 4 were built with both face shell bedding and full bedding. Fine grout with one mix and type S 
mortar with one volume mix proportions were used in this test. The prisms were designed to fail 
in compression so as to obtain the ultimate compressive strength and related deformation. Test 
data analysis was carried out to meet the objectives of this study. 
 
1.6 ORGANIZATION OF THESIS 
The materials in this thesis are organized as follows: Chapter 2 contains the detailed literature 
review of previous studies that relate to the current study. Meticulous descriptions of test 
procedures and setups are introduced in Chapter 3. Chapter 4 provides the test results for 
different constituents of the concrete masonry prisms. Chapter 5 describes the results of prism 
tests and statistical analysis along with a detailed discussion. Chapter 6 provides the summary, 
conclusions, and recommendations for this study. 
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 LITERATURE REVIEW 2.
2.1 INTRODUCTION 
In ultimate limit state design of masonry structures specified compressive strength (f’m) is the 
most important material property. In North American Standards and Codes (CSA S304.1-04 and 
TMS 402-08/ACI 530-08/ASCE 5-08), two methods are recommended to determine f’m value. 
The first approach is provided by table which contains masonry strength, based on block unit 
strength and mortar type. This method is called unit strength method. The second method uses 
tests on the masonry prisms with height-to-thickness of 2.0 to 5.0. In order to ensure accurate 
representation of the strength of the masonry structure prisms are made of the materials used in 
actual construction and loaded normal to the bed face. Masonry prisms are constituted by many 
components which exhibits different properties.  Hence, it is important to explore the influence 
of various factors on prism strength. This chapter illustrates a review of the behavior of masonry 
prisms studied by previous researchers. 
2.2 MASONRY UNIT  
Concrete masonry products are versatile in shapes and sizes. Briefly, block units can be 
categorized as solid, semi-solid, and hollow. In CSA A165.1-04 (2004b), concrete block units 
are classified by physical properties such as: solid content, compressive strength, density, and 
moisture content (CSA A165.1, 2004b). 
The commonly used units in wall constructions are standard stretcher units. However, for end 
members built in running bond splitter block are applied. Knockout unit and lintel unit are 
usually used in horizontal flexural members such as bond beam and bottom course of other 
beams. Open end units are preferred by vertical reinforced masonry (Drysdale and Hamid, 2005). 
Due to the versatility in masonry construction, large amount of block units are available. Despite 
of seldom used unit types many researches on the effect of physical properties of block and 
compressive strength on related prism compressive strength were underaken on stretcher and 
splitter units (Hamid and Chukwunenye, 1986; Ganesan and Ramamurthy, 1992; Drysdale and 
Hamid, 1979; Fahmy and Ghoneim, 1995). 
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2.2.1 PHYSICAL PROPERTIES 
Standard hollow concrete block with a nominal size of 200mm×200mm×400mm (actual 
dimensions are 190mm×190mm×390 mm) are commonly manufactured into two types which are 
stretcher blocks and splitter blocks. The former unit has two tapered cells with flare webs and 
face shells. This shape design can increase the top area which is beneficial for mortar bedding. 
Frogged ends are shaped in both side webs of the unit (Figure 2.1 (b)). The later unit also has 
two cores. However, one frogged end changes to a flat ends. Two central webs are introduced in 
these blocks so that each half has two side webs if the block is split (Figure 2.2 (a)).  
390
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(a) Splitter block                                           (b)  Stretcher block 
Figure 2.1 Standard concrete masonry block 
Concrete blocks have various solid percentages which are defined in terms of cross sectional area 
(CSA A165.1-04, 2004b). Drysdale and Hamid (1979) analyzed the influence of solid percentage 
on compressive strength for both grouted and hollow prisms through a series of tests. The study 
concluded that the solid percentage do not have significant influence for hollow prisms. For 
grouted prisms, as the percentage of solid increase from 0.61 to 0.73, the ratio of strength of a 
grouted prism to a similar hollow prism increased from 0.70 to 0.91. This indicated that block’s 
solid percentage has a significant influence on compressive strength for grouted prisms. 
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The effect of block size on prism behavior under axial compressive load was explored by Hamid 
and Chukwunenye (1986). They studied the block size effect on three course hollow prisms with 
finite element analysis. By comparing the lateral and axial stresses for three different sizes of 
prisms (8 in. width, 10 in. width, and 12 in. width prisms), this study concluded that the block 
size does not have an influence on the behavior of the prisms under axial load. This also agrees 
with the tests conducted on three course hollow concrete prisms with different block sizes 
(Drysdale and Hamid, 1979). 
Block geometries are also versatile. To analyze the effect of block geometry on prism 
compressive strength is unrealistic. However, some studies were conducted so as to find the 
effect of different block geometries on prism mechanical behavior. Ganesan and Ramamurthy 
(1992) concluded through the finite element analysis on three course high hollow concrete 
prisms that the running bond wall is commonly applied in masonry construction which cannot 
guarantee perfectly alignment and overlapping of the web shells in two consecutive courses 
because of block geometry. Due to deep beam action, very high lateral tensile stress developed in 
the webs of running bond prisms which reduced the prism compressive strength. 
2.3 COMPRESSIVE STRENGTH 
Concrete block compressive strength is another important characteristic which influence the 
concrete prism behavior. Block unit is evaluated by specified compressive strength (f’block) for 
design purpose in North America. CSA 165-04 (2004b), CSA S304.1-04 (2004a), and ASTM 
C140-11 (2011b) provide the test method which can determine the f’block value. Only a few 
studies were conducted to explore the effect of block unit strength on prism compressive strength. 
Fahmy and Ghoneim (1995) conducted finite element analysis and found that the increase in 
block unit strength increases the strength for both grouted and hollow prisms. For hollow prisms 
the increase in compressive strength is accompanied by the increase of tensile stress for block 
unit so as to improve the load carrying capacity for prisms. However, due to mortar confinement 
the lateral tensile stress develops in the blocks. Higher block strength increases the value for 
modulus of elasticity which induces higher lateral tensile stress. Consequently, the hollow prism 
strength decreases. According to this study, the increase in prism strength is not obvious when 
block strength reaches a certain level. For grouted prisms, the increase in prism strength with the 
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increase of block unit strength is less than that of hollow prisms. The increase of grout strength 
can also increase the modulus of elasticity. It also leads to a higher vertical stress in the grout 
which causes higher lateral tensile stress. As a result, the increase pace of prism strength for 
specimen with higher grout strength is less than that of specimen with lower grout strength.  
2.4 MORTAR 
In masonry construction, mortar performs as a key portion which is used to bond individual units 
into a composite assemblage and provide uniform bearing between units. In North America, 
mortar is commonly classified as M, S, N, O, and K. Only type S and N mortars are required by 
masonry construction in Canada. Type S mortar is usually applied for structural applications 
(load bearing walls), while type N mortar is commonly used for no-load bearing applications 
(masonry partition wall) (CSA A179, 2004c). 
Mortar can be made by two different methods: proportion specification and property 
specification. Only one method is available at a time. For proportion specification, mortar is 
defined by volume ratio of the materials which are used to constitute mortar. This method is 
acceptable in most cases. When mixing mortar with new and innovation material, property 
specification which classifies mortar by performance (compressive strength, water retention, and 
air content) is preferable (CSA A179, 2004c). 
Mortar is generally evaluated by two properties: workability and compressive strength. On-site 
workability is not possible due to variability in site environment, mortar mixing methods, and so 
on. It can only be measured by flow test. Mortar compressive strength is obtained by testing 50 
mm cube under loading until failure at the ages of either 7
th
 day or 28
th
 day (CSA A179, 2004c).  
The detailed effect of various mortar properties on masonry prisms studied by previous 
researches are discussed in the subsequent section. 
2.4.1 MORTAR BEDDING 
Two bedding methods namely full bedding and face shell bedding can be applied during 
masonry prism fabrication. CSA S304.1-04 (2004a) indicates that full bedding shall be used for 
prisms built with solid unit and face shell bedding shall be used for prisms made with hollow and 
semi-solid unit.  
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Hamid and Chukwunenye (1986) analyzed the lateral tensile stress in the webs for three course 
hollow prims built with two different mortar types. This study used three dimensional finite 
element analysis. Due to deep beam action produced by the gap that exists between webs, a 
larger lateral tensile stress in web was found in the face shell bedding prisms. This induces web 
cracking at a relatively lower load level for face shell bedded prisms as compared to full bedded 
prisms. Furthermore, the web cracking can cause the failure of the prisms as long as the cracks at 
the webs propagate through the entire height of the prisms. Also, they studied the stress 
distribution at the face shell along the height of the prisms. The stress distribution for face shell 
bedded prisms is highly nonuniform. However, for full bedded prisms the stress distribution is 
fairly uniform. Consequently, the mechanical behavior for these two prisms is significantly 
different. Ganesan and Ramamurthy (1992) made an additional confirmatory study on five 
course high hollow concrete prisms. High lateral tensile stress and highly nonuniform axial stress 
were also found in web shells and face shells, respectively.   
2.4.2 MORTAR STRENGTH 
Mortar compressive strength is important because it can influence the compressive strength of 
the masonry structure. It can be utilized as a measure of quality control as well. CSA A179 
(2004c) provides all the information and requirements related to the mortar.  
After testing prisms composed of three course high half blocks with different mortars and grouts, 
Hamid et al. (1978) studied the effect of mortar and grout on the behavior of prisms. The typical 
failure mode of hollow prisms was a splitting failure of the block induced by differential 
deformational characteristic of the block units and the mortar joints. Under compression, mortar 
joint with lower Poisson ratio has the tendency to expend laterally more than block units which 
can produce lateral tensile stress in block. Concrete blocks perform as a compression material 
instead of tension material so that the failure is more likely to happen around the mortar joint. 
Based on the test result, Hamid et al. found the mortar strength has little effect on the 
compressive strength for both hollow prisms and grouted prisms. Khalaf (1996) studied the 
influence of mortar strength on three course high concrete masonry prisms. Three types of 
mortar were used to build the stack bond prism specimens. It was found that mortar strength does 
not affect the compressive strength of the prism significantly for grouted prisms due to continuity 
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provided by grout core. Other researches also made the similar conclusion that the mortar 
strength has a negligible effect on the compressive strength in a grouted prism due to the 
continuity provided by the grout cores (Khalil et al., 1987; Drysdale and Hamid, 1979; Hamid et 
al., 1985; khalaf et al., 1994; Ramamurthy, 1995; Hasan, 2005).  However, for hollow prisms, 
increase in the mortar strength produces a noticeable amount increase in prism strength. 
Hamid and Chukwunenye (1986) studied the effect of mortar strength on hollow prisms by 
analyzing different block/ mortar modular ratio. An increase in the block/ mortar modulus ratio 
results in an increase in the deformational incompatibility between block and mortar which could 
increase the lateral tensile stress on the face shell of the prism. However, for some specific 
mortar type recommended by CSA S304.1-04 (2004a) (types S and N), the variation of the 
modular ratio with a specific block strength does not produce a tensile stress which is large 
enough to affect the behavior of the prism. 
2.4.3 MORTAR NONLINEAR PROPERTY 
In the study of strength and deformational properties of stack bond masonry prisms, Shrive and 
Jessop (1980) only treated mortar with linear property. However, Atkinson and Noland (1983) 
developed a conclusion considering mortar with nonlinear property which illustrated the prism 
behavior derived from strain compatibility at the brick-mortar interface. Based on nonlinear 
property provided by mortar, Scott and Daniel (1985) analyzed the mechanics of clay masonry in 
compression through experiments and numerical model. Mortar induces tensile stresses which 
can contribute to the lateral tensile splitting of a prism. Because of the nonlinear deformational 
property of mortar, tensile stress increased disproportionally with increasing compressive load. 
As a result, when describing the mechanics of clay masonry prism, both nonlinear behavior of 
confined mortar and splitting strength of masonry unit need to be considered.  
2.4.4 MORTAR JOINT THICKNESS 
The mortar joint thickness has a significant effect on masonry strength (Maurenbrecher, 1978). 
Khalaf (1996) conducted tests to investigate the effect of mortar thickness on the compressive 
strength of the masonry prisms. For both grouted and hollow prisms, an increase in the mortar 
thickness from 5cm to 20cm reduced the compressive strength of the prisms. The reduction 
strength was larger in hollow prisms. Drysdale and Hamid (1979) also studied the effect of joint 
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thickness through prism tests, and a similar behavior was observed by Khalaf (1996). This study 
found that an increase in the mortar joint thickness form 9.5 mm to 19 mm for both grouted and 
hollow prism the compressive strength for prism decreased by 3% and 16%, respectively. This 
study concluded that the mortar joint thickness has certain influence on hollow prisms and nearly 
no influence on grouted prisms. 
2.5 GROUT 
In masonry construction grout is a mixture of cementations material, aggregate, and water. Grout 
is used to fill cells for hollow or semi-hollow concrete units. Grout can enhance the load carrying 
capacity and also bonds with the reinforcement in the masonry structure. High slump (200-250 
mm) must be guaranteed so as to ensure flowability and fill voids completely. Two types of 
grout are used and they are fine grout and coarse grout. The fine grout does not contain coarse 
aggregate. The use of fine or coarse grout is prescribed by grout space. According to CSA A179 
(2004c), if the minimum dimension for grout space is 50mm or more coarse grout shall be 
applied. In previous several studies the effects of grout property (compressive strength, 
deformation capacity) on prism compressive strength were determined (Hamid et al., 1978; 
Drysdale and Hamid 1979; and Hamid et al., 1978). 
2.5.1 GROUT-BLOCK DEFORMATION COMPATIBILITY 
Use of grout into the hollow masonry prism causes decrease in the strength of the prism. This is 
due to the increase in effective net area (Hamid et al., 1978; Hamid and Drysdale, 1979; Khalaf, 
1996).  Khalf (1994, 1996) conducted several tests on three course high prism test, This study 
also found that by maintaining similar deformation property between block and grout can 
efficiently increase the prism strength rather than simply increasing the grout strength. Drysdale 
and Hamid (1979) analyzed the effect of grout strength on prism compressive strength as well. 
The study found that grout strength approaches its capacity (ultimate strength), it sustains large 
lateral expansion due to Poisson’s ratio. This leads to the lateral deformation for grouted core 
which produces the tensile stress in the shells of the block. Due to this behavior, the block fails in 
tension at a relatively low compressive strength so that the average compressive strength is either 
less than hollow prism or grout.  
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2.5.2 COMPRESSIVE STRENGTH 
Hasan et al. (2005) studied the effect of grout strength on the compressive strength of concrete 
masonry prisms. Both finite element analysis and experimental results of previous studies by 
Khalaf et al. (1994) and Drysdale and Hamid (1979) were utilized in this research. This study 
concluded that if the grout is less stiff than that of block the lateral tensile stress for top block 
unit of the prism increases. Thus, failure is more likely to occur on this block due to the 
combination of large lateral tensile stress and axial compressive stress existed on the outer face 
shell of the prisms. If the grout stiffness is similar or higher than block stiffness, the highest 
lateral tensile stress for the outer face shell of the prism is more expected to happen on the 
middle portion of the prism. Accordingly, failure is more observed in the middle part of the 
prism.   
Many previous studies investigated the effect of grout strength on prism strength. Hamid et al. 
(1978); Drysdale and Hamid (1979); and Wong and Drysdale (1985) found that increase the 
grout strength only resulted in small increase in prism strength. The incompatibility 
characteristics (stress-strain relationships) between grout and block lead to a load carrying 
capacity which is less than the sum of the capacities of the individual materials. Fahmy and 
Ghoneim (1995) explored the detailed relationship among block unit, mortar, and grout strength 
using finite element analysis. Grout contribution to the prism strength was discussed in three 
aspects. First, increasing grout strength was found to increase the prism strength to some extent. 
Second, with the increase in grout strength (and modulus of elasticity), block-grout modular ratio 
decreases which produces higher vertical stress in grout. For grouted prisms, due to grout 
confinement, lateral tensile stress is induced in block unit. As a result, lower block-grout ratio 
may cause higher lateral tensile stress for block unit. Third, the increase in grout strength can 
decrease the vertical stress existed in mortar. Due to mortar confinement for block unit, decrease 
in vertical stress in mortar can efficiently reduce the lateral tensile stress in block unit produced 
by mortar. 
2.6 PRISMS 
Masonry prism is made of block units, mortar, and sometimes grout. In masonry design, it is 
important to understand the properties of masonry such as compressive strength, shear strength, 
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elastic modulus and others. Two methods for determining compressive strength of masonry are 
provided by most national codes or standards: Tabular (Unit strength method) and Prism test. In 
CSA S304.1 (2004), ASTM C 1314 (2011), and TMS 602-08/ACI 530.1-08/ASCE 6-08 (2008), 
both of these two methods are recommended. The tabular value for design compressive strength 
is determined based on unit strength and mortar type (Table 2.1). 
Table 2.1  Specified compressive strength normal to the bed joint, f 'm for concrete 
block masonry, MPa (CSA 304.1-04) 
 Specified compressive 
strength of unit (average 
net area)*, MPa 
Type S mortar 
  
Type N mortar 
 
Hollow Solid† or grouted   Hollow Solid† or grouted 
40 or more 22 17 
 
14 10.5 
30 17.5 13.5 
 
12 9 
20 13 10 
 
10 7.5 
15 9.8 7.5 
 
8 6 
10 6.5 5  6 4.5 
*Linear interpolation is permitted 
    †For semi-solid concrete block units, the effective cross-sectional area shall be used in 
combination with the f 'm values for solid units. 
 
Although tabular (unit strength) method for obtaining compressive strength is convenient and 
efficient, the strength value obtained is conservative as compared to that obtained from prism test 
method. As a result, prism test is more preferable. Since prism behavior should reflect the 
masonry properties to be utilized in a building many factors related to prism behavior were 
investigated by previous studies and these are discussed in the following sections. 
2.6.1 HEIGHT-TO-THICKNESS RATIO  
Prisms specimens are tested with both top and bottom surface caped so as to maintain an evenly 
distribution of load applied to the prism. However, capping (especially cap with steel plate) can 
introduce end constraint for shorter prisms. This effect is confined to a small portion of the prism 
height near the two ends and this can increase the compressive strength of prism specimens. Also, 
the slenderness effect is reduced greatly in short prisms. Consequently, it is recognized the fact 
that the compressive strength for prism changes as height-to-thickness ratio changes. Hence, in 
Canadian standard, height-to-thickness ratio correction factor (h/t factor) is introduced to 
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consider this effect. The strength of a prism with a specific h/t ratio can be obtained by 
multiplying prism compressive strength derived from test with height-to-thickness correction 
factor. Both CSA S304.1 (2004a) and ASTM C1314 (2011a) provide the height-to-thickness 
ratio correction factor values (Tables 2.2 and 2.3).  
Table 2.2: Correction factors for masonry prism compressive strength 
(CSA S304.1-04) 
  Correction factor 
    Hollow and semi-solid units 
Height-to-thickness ratio* Solid units† Concrete‡ Clay 
1.4 - 1.00 0.85 
2 0.80 1.00 0.85 
3 0.90 1.00 0.90 
4 0.95 1.00 0.95 
5 to 10 1.00 1.00 1.00 
*Linear interpolation is permitted. 
† Including fully grouted hollow and semi-solid units. 
‡ For two-unit-high, hollow and semi-solid concrete block prisms, a correction   
factor of 0.9 shall be applied. 
For CSA S304.1 (2004a), the correction factor can be calculated use the following equation: 
                  
       
 
       
       
 
              
 
The Specified compressive strength obtained from prisms with h/t ratio of 4 or less needs to be 
multiplied with the correction factor if table 2.2 is used. 
 
Table 2.3: Correction factors for masonry prism compressive strength 
 (ASTM C1314 – 11a) 
hp/tp
A
 1.3 1.5 2 2.5 3 4 5 
Correction Factor  0.75 0.86 1 1.04 1.07 1.15 1.22 
hp/tp
A – Ratio of prism height to least lateral dimension of prism. 
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For ASTM C1314 (2011a), the correction factor can be calculated use the following equation: 
                  
       
 
       
       
 
                
 
The specified compressive strength obtained from prisms with h/t ratio of 3 or higher needs to be 
divided by the correction factor if table 2.3 is used. 
In CSA S304.1 (2004a), correction factors are classified by unit type (solid or hollow) whereas 
no such classification is made by ASTM C1314 (2011a). Another difference for these two 
codes/standards is that the reference height-to-thickness ratio is 2 for ASTM C1314 (2011a) and 
5 for CSA S304.1 (2004a). Because the underlying principle for these two tables is same, the two 
tables can be compared in one table with some modifications (Table 2.4). A few studies were 
conducted to determine the effect of height-to-thickness ratio on prism compressive strength. A 
general agreement was made: the compressive strength for prism decreases with the increase of 
height-to-thickness ratio for both hollow and grouted prisms (Maurenbrecher, 1980; Hamid et al., 
1985; Wong and Drysdale, 1985; Hamid and Chukwunenye, 1986; Fahmy and Ghoneim, 1995). 
The detailed information is provided in the following discussion. 
Table 2.4: Comparison of correction factors in CSA and ASTM  
Correction factor 
CSA S304.1 - 04 ASTM C1314 - 11a 
    Hollow and semi-solid units   
Height-to-thickness ratio* Solid units† Concrete‡ Clay   
1.4 - 1.00 0.85 0.66 
2 0.80 1.00 0.85 0.82 
3 0.90 1.00 0.90 0.88 
4 0.95 1.00 0.95 0.94 
5 to 10 1.00 1.00 1.00 1.00 
Note: h/t of 5 has been considered as reference prism. 
Maurenbrecher (1980) studied the effect of height-to-thickness ratio on the compressive strength 
of hollow masonry prisms using tests on prisms. Two types of clay brick and two widths of 
hollow concrete block units were used to build these prisms. Type S mortar with volume 
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proportion of Portland cement: hydrated lime: sand of 1:0.5:4.5 was used for brickwork while 
type N with volume ratio of 1:1:6 was used in block work. The mean compressive strength was 
applied to calculate the correction factor for prisms with different height-to-thickness ratio. For 
each h/t ratio, ten specimens were tested. Brick masonry prisms with h/t ranging from 2 to 5 
were tested considering the h/t ratio of 5 as the reference prism type. Block masonry prisms were 
only analyzed for h/t ratio in the range of 1.3 to 5.6 considering the h/t of 2.0 as the reference 
type.  For both the brick and block masonry prisms, it was found that the lower the h/t ratio, the 
higher is the compressive strength of the prisms (Table 2.5). 
Table 2.5 Prism strength versus height-to-thickness ratio 
Course 
140mm Concrete block, n=10 
Course 
Pressed brick, n=12 
h/t 
ratio 
Average 
compressive 
strength (MPa) 
C.O.V. 
h/t 
ratio 
Average compressive 
strength (Mpa) 
C.O.V. 
1 1.3 20.1 4.7 3 2.1 17.6 13 
2 2.8 14.7 4.8 4 2.8 17.1 16 
3 4.2 14.3 3.0 5 3.5 17.0 17 
4 5.6 13.9 4.3 6 4.3 15.7 21 
5 NA NA NA 7 5.0 15.8 15 
Note: n is the number of prisms tested for each set. 
Hamid et al. (1985) also studied the influence of h/t ratio on the behavior of grouted concrete 
masonry prisms by testing quarter scaled direct models. The result comparison between quarter 
scaled model and prototype models (full scale prism) used in previous studies (Dysdalr and 
Hamid 1979 and Hegemier et al. 1978) were also discussed. For prototype, block with nominal 
size 200mm×200mm×400mm and compressive strength of about 24 MPa was chosen to 
fabricate the prisms. Moreover, mortar and grout with strength of 16.9MPa and 23.3MPa, 
respectively were used to build these prisms. For quarter scaled direct model (referred to as 
direct model in the following content), a scale factor of four was used to establish the geometry 
relationship between prototype and direct model. The nominal size for direct model was only a 
quarter of prototype (full scale prism). Three specimens were tested for each specified prism type. 
The scale factor was chosen based on two considerations: (a) This study was carried out in 
Masonry Lab at Drexel University. There is a block making machine that produces units with ¼ 
of the nominal size (200mm×200mm×400mm) in this lab. (b) Early study conducted by Drexel 
 
  
16 
 
University indicated that the usage of scale factor greater than four would cause problem for 
fabricating mortar joints. After analyzing the test result, two main conclusions were made by the 
author. First, the difference in failure mode was observed between two course high prisms and 
three course high prisms for both direct model and prototype specimens. The end platen restraint 
effect was found to be the main reason for change in failure mode between shear mode and 
tensile splitting. For h/t of 2 (two course high prisms), shear mode failure was obtained due to 
the lateral confinement provided by the top and bottom plate. Whereas, it was typical tensile 
splitting for prism with h/t of 3 or more (three or more course high prisms). Both deep beam 
action and material properties incompatible induced tensile stress which contributed to the 
typical tensile splitting failure. Prism compressive strength changed as h/t ratio changed. Lower 
h/t ratio increased the confinement stress which contributed to the increase in compressive 
strength for the prism. It is expected that prisms with lower h/t ratio have higher compressive 
strength than prisms with higher h/t ratio. The compressive strength ranged from 17.3MPa for 
prism with h/t of 5 to 19.9MPa for prism with h/t of 2. From the test results of both direct model 
and prototype for the grouted prism, it was found that increasing the h/t ratio decreased the prism 
compressive strength which agrees with other researches (Maurenbrecher, 1980; Fahmy and 
Ghoneim, 1995; Khalaf, 1996). The detailed test result of the study is listed in Table 2.6.  By 
comparing the correction factors provide by CSA S304.1 (2004a) and Table 2.6, the latter 
numbers are similar with the former one.  
Table 2.6 Summary of direct model test results of grouted prism (Hamid et al., 1985) 
h/t 
ratio 
Number 
of 
courses 
Mortar 
strength 
(MPa) 
Grout 
strength 
(MPa) 
Block 
strength 
(MPa) 
Mean 
compressive 
strength (MPa) 
Tested 
Correction 
factor 
CSA S304.1 
Correction 
factor 
2 2 16.9 23.3 23.9 19.9 0.87 0.85 
3 3 16.9 23.3 23.9 18.5 0.94 0.90 
4 4 16.9 23.3 23.9 18.3 0.95 0.95 
5 5 16.9 23.3 23.9 17.3 1.00 1.00 
Strength of unit has been converted from psi to MPa in this test. The reference prism has h/t of 5. 
Wong and Drysdale (1985) also conducted experimental study to determine the effect of height-
to-thickness ratio on the prism compressive strength. Tests were conducted on both hollow and 
grouted prisms. Mortar with average compressive strength of 18.8MPa was used. The average 
compressive strength for grout and block unit chosen in this study were 21.8MPa and 19.2MPa, 
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respectively. Prisms were fabricated with one block length in running bond. splitter units for half 
blocks and stretcher units for alternated full blocks were used to build the prism. According to 
the test results (Tables 2.7a and 2.7b), hollow prism strengths were found to be nearly same from 
two to five course high prisms. The specified compressive strength was found to be about 
22.5MPa. These test results can be interpreted as h/t correction factor of one for all hollow 
prisms. The correction factors obtained are same as recommended by CSA S304.1 (2004a) 
except for two course high prism (Wong and Drysdale, 1985). Due to end platen restraint effect, 
the compressive strength for two course high prism increased by the lateral confinement 
provided by the top and bottom capping plate. However, compressive strength of grouted prisms 
was found to be influenced by the h/t ratio. The specified compressive strength increased from 
13MPa for 5 course high prism (h/t=5) to 18.8MPa for 2 course high prism (h/t=2). Hence the 
increase was 44%. Consequently, this study find that the correction factors provided by CSA 
S304.1 (2004a) are unconservative. 
Table 2.7a Hollow prism compressive strength (Wong and Drysdale, 1985) 
h/t 
ratio 
Number 
of 
courses 
Mortar 
strength 
(MPa) 
Block 
strength 
(MPa) 
Mean 
compressive 
strength (MPa) 
Tested 
Correction 
factor 
CSA S304.1 
Correction 
factor 
2 2 18.8 19.2 24.8 0.90 1 
3 3 18.8 19.2 21.9 1.02 1 
4 4 18.8 19.2 22.5 1.00 1 
5 5 18.8 19.2 22.4 1.00 1 
 
Table 2.7b Grouted prism compressive strength (Wong and Drysdale, 1985) 
h/t 
ratio 
Number 
of 
courses 
Mortar 
strength 
(MPa) 
Grout 
strength 
(MPa) 
Block 
strength 
(MPa) 
Mean 
compressive 
strength (MPa) 
Tested 
Correction 
factor 
CSA 
S304.1 
Correction 
factor 
2 2 18.8 21.8 19.2 18.8 0.69 0.85 
3 3 18.8 21.8 19.2 14.9 0.87 0.90 
4 4 18.8 21.8 19.2 14.5 0.90 0.95 
5 5 18.8 21.8 19.2 13.0 1.00 1.00 
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Hamid and Chukwunenye (1986) also studied the effect of height-to-thickness ratio by 
developing a three dimensional finite element model on hollow prisms with two different h/t 
ratios. The study found that for h/t of 2, top and bottom of the prisms were under lateral 
confinement which can increase the compressive strength. This study also found that the middle 
portion of the prism (mortar joint) is in compression which leads to a shear mode failure. This 
caused higher compressive load carrying capacity as compare to prims with higher h/t ratio 
prisms or walls. Moreover, the failure mode did not represent the typical splitting failure of 
masonry walls. For h/t of 3, the central block is confined by two mortar joints which is free from 
end restraint. The middle portion of the prism (middle block unit) is in tension which causes a 
splitting failure. The study concluded that the prism with two or more mortar joints need to be 
included to realistically determine the compressive strength of hollow concrete prisms. This 
observation agrees with the study completed by Drysdale and Hamid (1979). 
Fahmy and Ghoneim (1995) analyzed the influence of number of courses on prism compressive 
strength using nonlinear three dimensional finite element models. The study found that for both 
grouted and hollow prisms, the strength decreases with increase of number of courses. This 
observation on hollow prisms contradicts the finding by Wong and Drysdale (1985). The study 
by Fahmy and Ghoneim (1995) also found that effect of h/t on compressive strength of hollow 
prisms with h/t more than 5 is insignificant. For example, the predicted prism strength for a 12 
course high prism was 98% of that for a 5 course high (Figure 2.2). For grouted prisms, the 
grouted core provides continuity which reduces the effect of number of courses. The prism 
strength for a 12 course high prism was 98% of that for a 3 course high prism (Figure 2.3).  
 
Figure 2.2 Effect of number of courses on hollow prism compressive strength (Fahmy and 
Ghoneim, 1995) 
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 Figure 2.3 Effect of number of courses on grouted prism compressive strength (Fahmy and 
Ghoneim, 1995) 
From Figure 2.2, it is obvious that the effect of the number of courses on the hollow prisms 
compressive strength is more severe than that of grouted prisms. This contradicts the conclusions 
by other researches (Wong and Drysdale, 1985; Hamid et al., 1985) and also recommendation of 
CSA S304 .1 (2004 (a)) that number of courses (h/t ratio). 
Khalaf (1996) undertook an experimental study to analyze the effect of height-to-thickness ratio 
of concrete masonry prism on its compressive strength. The study found that the strength of six 
course high hollow and grouted prisms reduces by 30% and 10%, respectively as compared to 
the strength of two course high hollow and grouted prisms (Tables 2.8a and 2.8b). 
Table 2.8 a Tested results for hollow prism compressive strength (Khalaf, 1996) 
Number 
of 
courses 
Mortar 
strength 
(MPa) 
Block 
strength 
(MPa) 
Mean 
compressive 
strength (MPa) 
Tested 
Correction 
factor 
CSA S304.1 
Correction 
factor 
2 21.2 24.3 24.9 0.70 1.00 
3 26.5 24.3 21.4 0.82 1.00 
6          
(5 to 10) 
26.6 24.3 17.5 1.00 1.00 
 
From hollow prism test results (Table 2.8a), the prism compressive strength increased as the 
number of courses decreased. Although mortar with different strength was applied to different 
specimens, the compressive strength of prism was believed to be not influenced (Hamid et al., 
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1978). Grouted prism test results (Table 2.8b)) indicated that the prism compressive strength for 
three course high prism decreased as compared to strength of 6 course high prism which 
contradicts the result of all other studies. However, compressive strength of two course high 
prism increased as compare to three and six course high prism. The compressive strength was 
found to follow no trend. This happened probably because three types of grout were utilized for 
three different prisms. 
Table 2.8 b Tested results for grouted prism compressive strength (Khalaf, 1996) 
Number 
of 
courses 
Mortar 
strength 
(MPa) 
Grout 
strength 
(MPa) 
Block 
strength 
(MPa) 
Mean 
compressive 
strength (MPa) 
Tested 
Correction 
factor 
CSA S304.1 
Correction 
factor 
2 21.2 17.1 24.3 16.8 0.90 0.85 
3 26.5 28.8 24.3 14.5 1.05 0.90 
6          
(5 to 10) 
26.6 20.8 24.3 15.2 1.00 1.00 
 
Boult (1979) tested grouted prisms to study the effect of h/t ratio on the prism compressive 
strength. Mortar with 11.2 MPa in strength, grout with 15.5 MPa in strength, and seven different 
block types were used to fabricate the prisms with different h/t ratios. Total 5 specimens for each 
of prisms with h/t ratio from 2 to 5 were tested after 7 days of casting. The prism compressive 
strength was evidently reduced as the h/t ratio (number of courses) increase for all the prism 
types (Figure 2.4). Prisms built with type A units were chosen to illustrate this reduction. Type A 
block had nominal dimension of 16in. ×8in. ×8in. (400mm×200mm×200mm) and compressive 
strength of 24.5MPa. The average compressive strength for prism constructed with type A block 
was extracted from Figure 2.4 for calculation of correction factors for prisms made with Type A 
units (Table 2.9). This prism type is chosen since the block type and grout strength used are 
similar to common masonry construction in Canada and also similar to prisms used in this thesis. 
From Table 2.9, it can be found that the compressive strength decreases with the increase of h/t 
ratio. The correction factor obtained from these test data shows the same decreasing trend with 
CSA S304.1 (2004a). However, the correction factors provided by CSA S304.1 (2004a) are 
slightly unconservative if compared with the test data of Boult (1979). 
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Table 2.9 Tested result for grouted prism compressive strength (Boult, 1979) 
h/t 
ratio 
Mortar 
strength 
(MPa) 
Grout 
strength 
(MPa) 
Mean compressive 
strength (MPa) 
Tested correction 
factor 
CSA S304.1 
Correction factor 
2 
11.2  15.5 
17.19 0.74 0.85 
3 14.95 0.85 0.9 
4 13.17 0.96 0.95 
5 12.67 1.00 1.00 
The reference prism has h/t of 5. 
 
 
From Figure 2.4, the mean compressive strength for 5 course high prism (h/t = 5) built with type 
A block unit was lower than that of prisms built with other units. A possible explanation for the 
reduction in strength related to unit core shape was proposed by Boult (1979). Masonry unit A 
had a severely tapered core in compared with other unit types. When one unit was laid on the 
other, the contact area difference was quite obvious. Also, after connecting courses by mortar, 
Figure 2.4 Height to width ratio effect on prism strength for seven different masonry 
units (Boult, 1979) 
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mortar was squeezed out and exaggerated the difference. After filling the grout into the voids, 
substantial shrinkage occurred primarily because water was sucked by the absorbent blocks. 
Thus, the shrinkage occurred along the over the length of the grout column that resulted a 
movement towards the prism shell. Core shape induced severe change in mortar joint area which 
restricts the settlement of the grout column at these regions so as to produce plastic crack as 
shrinkage proceeds. The plastic cracks severity increases with the prism height (Figure 2.5). 
Consequently, prism built with a severely tapered core might have more locally plastic cracks 
(around mortar joint area) with increase in prism height. This may have contributed to the prism 
compressive strength reduction when the height increased. 
 
2.6.2 CAPPING PLATE 
For tests on short prisms, the capping is another factor that can affect the load capacity and 
failure mode of the prism. Proper capping ensures an evenly distribution of load applied to the 
top and bottom surfaces of the prism. According to CSA S304.1 (2004), the unevenly surface of 
(a) Prism built with type A unit (b) Prism built with other type of units 
Figure 2.5 Schematic representation of the grout columns (Boult, 1979)  
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prism shall first be capped with mortar, sulphur or dental plaster. Plate glass or steel plat can be 
used to flat and level the capping surface. For smaller units (brick units), the bearing surface of 
the spherical head is usually 200 to 250 mm in diameter which is big enough to cover the whole 
bearing area. However, for larger units (block units), a stiff loading plate need to be used at the 
top and bottom of the plate. CSA S304.1(2004 (a)) and ASTM C140 (2011 (b)) specifies the 
thickness of the loading plate shall be no less than the distance from the edge of the spherical 
seat to the corner of the prism (Figure 2.6b). 
 
Reaction
  FrameLoad
Jack
Load
 Cell
Spherical
   Head
Top
Load
 Plate
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(a) Prism test setup 
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(b) Section A-A 
Figure 2.6 Prism setup sketch 
Hamid and Chukwunenye (1986) studied the effect of bearing plate on the behavior of hollow 
prisms by investigating the axial and lateral stresses along the height of the prism. According to 
this study, the thin load bearing plate is flexible and produces large tensile stress at the top block 
which can induce premature failure. Thick plate with enough stiffness can eliminate the extra 
tensile stress existed on the top block. Hence, the acceptability for load bearing plate is evaluated 
by the stiffness. 
2.6.3 BOND TYPE 
Two types of bond pattern are commonly found in masonry prisms as well as masonry 
constructions and these are running bond and stack bond respectively (Figures 2.7 (a) and 2.7 
(b)). In a stack bond the units are literally stacked on top of each other and held by mortar. 
Unlike the stack bond, the running bond courses alternate instead of being right on top of each 
other. The bond type for prism specimen should be the same as the type used in the construction 
(CSA S304.1, 2004 (a)). CSA S304.1 (2004a) also recommends using stack bond pattern while 
making prism specimens. Hence, these two statements in CSA S304.1 (2004a) can contradict 
each other. 
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(a) Wall built with running bond                                  (b)  Wall built with stack bond 
Figure 2.7 Two common bond patterns in masonry construction 
Ganesan and Ramamurthy (1992) investigated the effect of bond type on prism compressive 
strength for three course high hollow prisms using finite element analysis. Based on the unit type 
chosen in their study, perfectly alignment and overlapping of the surface for successive layer is 
not possible. This can cause very high lateral stress near the mortar joint area due to deep beam 
action which can lead to premature failure. By utilizing stack bond this effect can be eliminated 
(Figure 2.8). As a result, the ultimate compressive strength for running bond prisms is lower than 
that of stack bond prism. Hence, using either stack bond or running bond to build prism 
recommended by CSA S304.1 (2004a) does not correctly. 
 
Figure 2.8 Lateral stresses at central web shell in three core conventional block prisms with 
different bonding arrangements (Ganesan and Ramamurthy, 1992) 
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Hamid et al. (1985) studied the effect of bond type on prism compressive strength for two types 
of grouted prisms. These were three course high and five course high grouted prisms. For three 
course high grouted prism, the compressive strength for running bond and stack bond was 
19.1MPa and 18.5MPa, respectively. For five course high grouted prism, these values were 
16.2MPa and 17.3MPa, respectively. Obviously, the influence of bond type on compressive 
strength of grouted prism was not significant. This conclusion was agreed with that found by 
Drysdale and Hamid (1979) and Hegemier et al. (1978). Consequently, it is generally agreed that 
the bond type can influence the prism compressive strength, however, the influence is negligible. 
This observation contradicts the finding of Ganesan and Ramamurthy (1992). According to CSA 
S304.1 (2004 (a)) and ASTM C1314 (2011(b)), although the bond pattern used for prism should 
have the same manner with that to be used in the wall (usually running bond pattern), stack bond 
pattern is suggested during prism test due to easy handling and efficiency improving since the 
difference on prism compressive strength between running bond and stack bond is insignificant.  
2.6.4 SCALE FACTOR 
Due to large cost and heavy work load for full scale masonry prism testing, the requirement that 
utilize small scale direct model prism is proposed. By comparing many different factors related 
to prism mechanics behavior between direct model and prototype, Hamid et al. (1985) studied 
the feasibility of using direct model to evaluate the masonry prism behavior. As described in 
Section 2.5.1, prototype test is full scale prism test. Direct modeling test is the prism test with 
specimen nominal size of a quarter scale prism. By analyzing the test result and comparing with 
prototype (reported by Drysdale and Hamid, 1979; and Hegemier et al., 1978), Hamid et al. 
(1985) found that the failure mode, h/t effect, bond type effect, mortar strength effect, bond type 
effect, and also stress–strain relation is similar with previous prototype test result. Only the effect 
of grout compressive strength for direct model was found to be more significant than that for 
prototype prism. This is because the block shapes between scaled model and prototype were 
different. Prototype unit was built in a flare shape which was not made for direct model units.  
This leaded to an overestimation of grout core cross section which was contributed to increase 
the grout strength effect. Consequently, direct model (quarter scale prism) is suggested for 
exploring the studying of masonry under axial compression. 
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2.6.5 FAILURE MODES 
The failure mode for concrete masonry prisms were discussed by many researchers (Wong and 
Drysdale, 1985; Hegemier et al., 1978; Drysdale and Hamid, 1979; and Mohamad et al., 2007). 
For hollow prism, the typical failure mode for two course high prism is conical shear failure due 
to end restraint effect (Figure 2.9). If the course number is three or more, the failure mode for the 
top and bottom block still experience shear failure as is the case for two course high prism does. 
However, the failure mode for main body (mid-height) of the prism changes. During loading, 
initial splitting of cross webs was observed due to deep beam action. This can be followed by a 
face shell splitting under a higher level of compression load. For grouted prism, the failure mode 
for two course high prism is also controlled by shear failure mode. When the course number is 
three or more, the tensile splitting can happen on face shells for top and bottom end of the block 
and also the grout cores. If the block and grout does not work as an integral unit, the face shell 
may experience spallation away from the grout core irrespective of course height of prisms. 
 
Figure 2.9 Conical shear failure mode for two course high hollow prism                    
(Drysdale and Hamid, 1979) 
2.7 SUMMARY 
In this chapter, the effect of different factors and parameters on masonry prism compressive 
strength under axial load was summarized. It can be found that the effect of h/t ratio on the 
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compressive strength of prism reported in previous studies does not always agree with the 
recommendation of CSA S304.1 (2004a). Two observations were found in the previous studies. 
Firstly, the failure mode for two course high prism is different from other prisms. The former is 
governed by shear failure while others are splitting failure. Secondly, increase of h/t ratio 
decreases the compressive strength for both grouted and hollow prisms. However, CSA S304.1 
(2004a) specifies that increasing the h/t ratio has no influence on the hollow prism compressive 
strength which was found by only one research (Wong and Drysdale, 1985). The h/t correction 
factor was found to be unconservative by comparing Table 2.1 of CSA S304.1 (2004a) with 
other researchers’ test result (Wong and Drysdale, 1985, Hamid et al, 1985 and Khalaf, 1996). 
Hence, further study on the effect of h/t ratio on the compressive strength of the concrete 
masonry prisms is necessary. 
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 EXPERIMENTAL PROGRAM 3.
3.1 INTRODUCTION  
Mechanical behavior of concrete masonry prisms is affected by various parameters since prism is 
assembled by many constitutes. This chapter analyzes different materials used in concrete 
masonry prisms and related test procedures which were utilized to evaluate the mechanical 
behavior of the concrete masonry prism. Therefore, tests were conducted on block, mortar, grout, 
and also on prism specimens.  
Prism specimens with height-to-thickness ratio (h/t) ranging from 2 to 5 were used in this study. 
Two bedding types and two joint types were used in constructing prisms. Prism tests were 
undertaken to obtain the following information. 
i. Effect of height-to-thickness ratio on the compressive strength of concrete masonry 
prisms. 
ii. Effect of bedding type on the compressive strength of concrete masonry prisms. 
iii. Effect of joint type on the compressive strength of concrete masonry prisms. 
 
3.2 MATERIALS 
3.2.1 MASONRY UNITS 
This masonry block units tested in this study were provided by SANTERRA STONECRAFT, 
located in Windsor, Ontario. Blocks were delivered in several pallets. One pallet contained 50 
standard stretcher blocks and 25 splitter blocks. In this test, only standard stretcher blocks were 
used. The masonry units used are of same configuration, dimension, and produced in one 
production run. Actual dimension of the block unit is 390mm long × 190mm wide ×190mm high 
(nominal dimensions are 400mm × 200mm × 200mm). The dimensions for specific block varied 
within ±2mm. Block units were only tested for compressive strength and tests were carried out in 
the structural engineering lab of the University of Windsor.  
Specified compressive strength for a block unit should be over 15MPa (CSA A165.1, 2004b). 
The block supplier was required to produce blocks with specified compressive strength no less 
than 20MPa. Compression test for block units were carried out before undertaking prism 
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compression test. Blocks were chosen randomly. Six blocks were tested in total.  The blocks 
compression test was conducted in accordance with ASTM C140 (2011) and CSA A165.1 
(2004b). The test procedure included capping, curing, and testing. Block units were capped with 
one 50mm steel plate on the top and one 75mm steel plate on the bottom so as to make the 
loading surface level and the loading evenly distributed. The dimension for top plate was 410mm 
long × 230mm wide × 50mm thick and for bottom plane was 410mm long × 230mm wide × 
75mm thick. Capping material was added between steel plate and block.  The capping materials 
used in this study were Western miracle type “S” lime and EUCO – SPEED RED LINE which 
are produced by Western Lime Corporation and Euclid Chemical Company separately. For the 
first few sets of phase one test, Western miracle type “S” lime was utilized in accordance to 
ASTM C140 (2011). This capping material found to be setting very fast and hence, enough time 
was not available for leveling. Consequently, a new capping material named EUCO – SPEED 
RED LINE (rapid setting cement) was used for the rest of the specimens. This material is easy to 
work with and allow enough time for leveling (8 to 10 minutes). Before capping started, the 
bottom plate was placed on the ground and levelled by a torpedo level. After capping material 
well mixed, it was placed on the capping plate in accordance with the configuration of the 
bottom face of the block on the plate (Figure 3.1a). Then the block was levelled again and cured 
for one day to ensure the capping material hardened as well gained the required strength. Top 
face of the block was capped on the next day (Figure3.1b).  Once both surfaces cured for another 
day, block specimens were placed onto the testing machine for strength test. 
 
(a) Capping of bottom plate (b) Capping of top plate 
Figure 3.1: Block capping  
 
  
31 
 
A compression test machine with 300,000lbs (1300KN) capacity named RIEHLE was used to 
test block units, mortar cubes, grout cylinder and also grout cored specimens. This machine has 5 
range selectors which are 0~300,000lbs, 0~150,000lbs, 0~60,000lbs, 0~30,000lbs and 
0~15,000lbs. The loading pace is measured by r.p.m (revolution per minute) which contains 0.5, 
0.1, 0.2, 0.3, 0.4, and 1. For block unit test, the excepted maximum compression load was 
260,000lbs (1150KN). Accordingly, the range selected was 0 to 300,000lbs (0 to 1400KN) was 
selected and the loading pace was chosen as 0.5r.p.m. The total loading period for the block was 
approximately 100 to 110 seconds (Figures 3.2a and 3.2b). For a hard capped block, the unit is 
expected to fail in a conical shear-compression mode. Figure 3.2b and 3.2d show the failure 
mode for this test. All tested specimens exhibited this typical failure mode. 
 
3.2.2 OTHER MATERIALS 
Apart from blocks, sand, cement, lime were used in constructing the prisms. Sand used in this 
study was QUIKRETE Premium Play sand which was clean fine graded sand (CSA A179.1, 
2004c). General use Portland cement (Type 10) was chosen to make the mortar and grout. The 
(a) Block compression test 
setup 
(b) Front face failure 
Figure 3.2: Block test setup and failure mode 
(c) Top face after compression (d) Side face failure 
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cement was supplied by St. Mary Cement Inc. The Western miracle type “S” lime and EUCO – 
SPEED RED LINE were purchased from a local store (Target Building Materials) located in 
Windsor. It was used in making mortar and as capping material.  
 
3.2.3 MORTAR 
The mortar used in this study is type S as recommended by Canadian Standard, CSA A179 
(2004c). It was a mixture of sand, cement, hydrated lime, and water. Portland cement typed GU 
(General use or Type 10), fine aggregate (sand) and hydrated lime type “S” were used to prepare 
the mortar CSA A179 (2004c). In order to determine the appropriate mortar proportion, two 
different volume proportions were tried and these were: 5:1:0.5 and 6:1:0.5 for sand, cement, and 
hydrated lime respectively.  The volume proportion of 5:1:0.5 (sand: cement: hydrated lime) was 
finally chosen. According to the mass density of normal 1505 kg/m³ for Portland cement, 640 
kg/m³ for hydrated lime, and 1280kg/m³ for sand, the mass for each material on one batch was 
calculated as in Table 3.1.                   
Table 3.1 Mortar mass mixed for one batch 
Material  Mass (kg) 
Cement  7 
Hydrated Lime  1.4 
Sand  29.4 
Water 7 
Total 44.8 
Figure 3.3 Other materials 
(a) Portland cement (b) Play sand 
cement 
(c) Hydrated lime 
sand cement 
(d) Capping material  
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Each mortar batch was mixed in the structural lab in a wheel barrow. For every batch, two types 
of properties for mortar were tested and these were: flow test and compressive strength test. The 
flow test was undertaken to decide the amount of water so as to ensure the mortar spread reaches 
100% to 115% (CSA A179, 2004c). It was placed in flow table which has a brass cone, base, and 
a crank. The dimensions of a cone are 70mm in diameter at the top, 100mm in diameter at the 
bottom and 50mm in height. Based on the standard, a spread of 100% to 115% is required for 
workability and this means that the average diameter of mortar spread is from 200mm to 215mm 
(CSA A3005, 2008d).  
After mixing the mortar, samples of mortar were collected, filled, rodded in the cone and wiped 
off from the top. Then, it was removed from the mould and cranked 25 times. The mortar shape 
was approximately circular on the base plate (Figure 3.4). The measurement of the diameter of 
the mortar circle was then taken from three different directions. The average of the three values 
was the final spread used to evaluate the workability. However, the water amount in different 
batches was required varying to achieve required flow.  
 
Another test was conducted so as to determine the value for compressive strength of hardened 
mortar specimens. For each mortar mix batch six mortar cubes were made and cured. Three were 
tested at 28
th
 day; the other three were tested on the prism-test day. Mortar cubes were cast in a 
50mm × 50mm × 50mm stainless steel cube moulds. After pouring mortar samples into the 
moulds the cubes were stored in the lab for about 50 hours. The mortar cubes were then removed 
from the moulds and stored in the Structural Engineering lab with series number on it (Figure 3.5 
(b)). 
Figure 3.4 Flow test  
(a) Flow test setup  (b) Mortar flow 
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The compression test was conducted using same RIEHLE compression testing machine. The 
mortar cubes were placed, centered, and leveled. The top loading plate was adjusted and aligned 
so as to apply an evenly concentric vertical compression load. The load was applied at a faster 
rate (0.6KN/s) until it reached about 30% of the expected maximum compression load. The 
loading rate was reduced (0.4KN/s) and held constant in order to apply a uniform load until 
failure occurred. The total loading period ranged from 90 to 120 seconds. 
3.2.4 GROUT  
Fine grout type was used in this study. The grout was a mixture of sand, cement, and water as 
recommended in Table 5 of CSA 179 (2004c). The target strength for grout at 28
th
 day was 
20MPa. Hence, trial tests on grouts with different volume proportions were undertaken in 
advance. Finally, volume proportions of 4.5:1 (sand: cement) was chosen to make the grout. Also, 
the mass proportion for one batch was calculated based on the density of materials and the 
Figure 3.5 Mortar moulding and testing 
(b)  Mortar cube before testing 
(d) Mortar cube failure mode 
(c) Mortar cube after testing 
(a) Mortar cube moulds 
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volume of the container. Density of 1280kg/m³ for sand and 1505 kg/m³ for cement was 
considered. The grout was mixed in the automatic concrete mixer located in the Structural 
Engineering lab of the University of Windsor. Volume size of a single batch is 0.1m³. The mass 
for each material on one batch can be seen in Table 3.2. 
Table 3.2 Grout mass mixed for one batch 
Material  Mass (kg) 
Cement  40 
Sand  153 
Water 40 
Total 233 
 
Three aspects were taken into consideration for evaluating the grout properties. First one was the 
flowability of the plastic grout. This was ensured by slump test. Second one was the compressive 
strength for the hardened grout using grout cylinder samples. The third one was the in-situ grout 
specimens. The compressive strength of in-situ grout specimens were cored out from the block 
cells filled with grout. 
 When pouring the grout into the cell of the prisms the grout had to fill all the voids. Also, 
because the concrete block has the absorption capacity, high slump grout was necessary. Hence, 
slump test in accordance with CSA A179 (2004c) was undertaken. The dimensions of the slump 
are 10cm in diameter at the top, 20cm in diameter at the bottom, and 30cm high. According to 
the test procedure recommended in the Canadian standard (CSA 179, 2004c), the slump height 
for each type of group was above 250mm. The slump test result illustrated that the grout for 
every batch was fluid enough to fill all the voids existed in the prisms and satisfied the slump 
requirement of CSA A179 (2004c). 
Grout cylinder specimens were made for every set of prisms. For each prism group, 8 grout 
cylinders were prepared in plastic non–absorbent modules. Four of them were tested at 28th day 
and the other four were tested on the prism-test day which will be referred as test day.  After 
mixing the grout for each batch grout sample were spooned to a non-absorbent plastic cylinder. 
The cylinder was of 100mm diameter and 200mm high. When grout cylinder specimens were 
complete a plastic sheet was used to cover all the grouted specimens and cured for 7 days. Plastic 
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sheet was then removed and the specimens were removed from the plastic cylinders and marked 
with series number on the side face of the cylinder. The cylinder samples were then cured in the 
lab condition for another three weeks. Due to unevenness of the top and bottom surfaces of 
grouted specimens the specimens were capped with sulphur. The compressive tests on grout 
cylinders were also conducted on RIEHLE loading machine (Figure 3.6).  
                               
(a) Specimen curing for first seven days                     (b)  Plastic sheet protection 
                                 
(c) Grout cylinder compression test setup                 (d)  Failure mode for grouted cylinder 
Figure 3.6 Grout cylinder specimen curing and compression test 
The third test conducted was the strength test of “grout cored specimens”. When pouring grout 
into the prism, the water in the grout mix is absorbed by the concrete blocks at the interface 
between grout and blocks which reduce the water-cement ratio. As a result, the compressive 
strength for the grout in the prisms (in-situ strength) is expected to be higher than the strength 
obtained from the cylindrical specimens made using plastic non-absorbent plastic moulds. In 
order to better understand the strength of grouted prism, the compressive strength of grout inside 
the prism needed to be determined. While pouring grout into prism, grout sample from the same 
batch as prisms was poured into additional block cells simultaneously. After seven days, 50mm 
diameter and 100m high cylindrical specimens were cored out. The actual diameter of the cored 
specimen was 45mm. In order to keep the same diameter-to-height ratio as was with the 
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cylindrical specimens, the height of the cored specimen was cut to 90mm. The cored specimen 
was mistakenly not collected for each prism type. Hence, a separate batch of grout was mixed in 
the wheelbarrow and eight cells of four blocks were filled with one grout mix. Four specimens 
were tested at 28
th
 day and remaining four were tested on the prism-test day (Figure 3.7). 
                                                      
(a) Grout core drilling setup                                                    (b)  Cored specimen 
Figure 3.7 Grout coring 
3.3 PRISM SPECIMENS 
This study was divided into two phases. Phase one primarily included grouted prisms and phase 
two mainly included hollow prisms. Phase one prisms were tested in November-December of 
2011 and phase two were built and tested in 2012. In phase one, two different types of prisms 
were included which are hollow prisms and fully grouted prisms. In this phase, five different 
types of prisms were constructed and tested. For each prism type six specimens were prepared 
though only five are required (CSA S304.1, 2004a). Hence, each prism type had one extra 
specimen. Each prism was given a unique name to indicate its most important attribute: the first 
term (number) denotes the height-to-thickness ratio (number of courses) of the prism (h/t ratio of 
2 to 5); the second term represents the grout condition (G is for grouted or H is for hollow); the 
third term denotes the bond type (R is for running bond or S is for stack bond); the forth term 
indicates the bedding type (face shell bedding or FS & full bedding of FB), the last term states 
the test sequence of the prisms. Table 3.3 illustrates the naming methodology. Tables 3.4, 3.5, 
and 3.6 show test matrix for two phases. For example, 2GSFB-1 is the prism specimen with h/t 
of 2 and it is grouted and built with stack bond. Full mortar bedding was used in this specimen. 
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The last number 1 indicates that it is the first prism among six identical prisms tested. Figures 3.8 
and 3.9 show the schematic diagram of various prisms. 
Table 3.3 Prism labeling instruction 
Term  Symbol  Meaning 
1 2 or 3 or 4 or 5 
Height to thickness ratio = 2 
to 5 
2 G or H G - Grouted  
  
H - Hollow 
3 S or R S - Stack bond 
  
R - Running bond 
4 FB or FS FB - Full bedding 
  
FS - face shell bedding 
5 1 or 2 or 3 or 4 or 5 Specimen serial number 
 
Table 3.4 Phase one prism test matrix 
Prism 
type 
Height-to-
thickness 
ratio (h/t) 
Grouted 
or 
Hollow 
Bond 
type 
Bedding 
type 
Specimen ID 
Dimensions 
(mm) 
length×width 
×height 
2GSFS-
1 to 6 
2 Grouted 
Stack 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×390 
3GRFS-
1 to 6 
3 Grouted 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×590 
4GRFS-
1 to 6 
4 Grouted 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×790 
5GRFS-
1 to 6 
5 Grouted 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×990 
4HRFS-
1 to 6 
4 Hollow 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×790 
Note: 4HRFS-1 to 6 was not used in the final analysis because same test (4HRFS-1 to 6) was 
repeated in phase two. Also, 4GRFS specimens were repeated in phase one additional test, and 
hence these specimen were not used in the final analysis. 
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Table 3.5 Phase two prism test matrix 
Prism 
type 
Height-to-
thickness 
ratio (h/t) 
Grouted 
or 
Hollow 
Bond 
type 
Bedding 
type 
Specimen 
ID 
Dimensions 
(mm) 
Remark 
length×width 
×height 
2HRFS
-1 to 6 
2 Hollow 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×390  
3HRFS
-1 to 6 
3 Hollow 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×590  
4HRFS
-1 to 6 
4 Hollow 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×790 Repeated 
5HRFS
-1 to 6 
5 Hollow 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×990  
4HRFB
-1 to 6 
4 Hollow 
Running 
bond 
Full 
bedding 
Specimens   
1 to 6 
390×190×790 
Effect of 
mortar 
bedding 
2HSFS
1 -to 6 
2 Hollow 
Stack 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×390 
Effect of 
bond 
type 
 
Table 3.6 Phase one additional prism test matrix 
Prism 
type 
Height-
to-
thickness 
ratio (h/t) 
Grouted 
or 
Hollow 
Bond 
type 
Bedding 
type 
Specimen 
ID 
Dimensions 
(mm) 
Remark 
length×width 
×height 
2GRFS-
1 to 6 
2 Grouted 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×390 
Effect of 
bond 
type 
4GRFS-
1 to 6 
4 Grouted 
Running 
bond 
Face shell 
bedding 
Specimens   
1 to 6 
390×190×790 Repeated 
Note: 4GRFS were repeated test for 4GRFS of phase one (Table 3.4). This was decided 
because failure modes of phase one specimens were not appropriate. 
Two course high hollow prisms (2HSFS vs. 2HRFS) and two course high grouted prisms 
(2GSFS vs. 2GRFS) were used to study the effect of bond type (running bond and stack bond). 
Four course high hollow prisms (4HRFS vs. 4HRFB) were used to study the effect of mortar bed 
(face shell bedding and full bedding). 
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(a) 2GSFS                                              (b)  3GRFS 
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                        (c)  4G(H)RFS                                               (d)  5GRFS 
Figure 3.8 Phase one and phase one additional prism configuration 
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(a) 2GRFS                                  (b)  2HSFS                                  (d)  2GRFS 
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(d) 3HRFS                                     (e)  4HRFS/4HRFB                   (f)  5HRFS 
Figure 3.9 Phase two prism configuration 
3.3.1   CASTING AND CURING  
All the prisms were constructed in the structural engineering lab of the University of Windsor. 
As can be seen from Figure 3.8, some blocks were required to be cut into half. A wet saw with 
500mm diameter blade was used for cutting the blocks (Figure 3.10). One big plastic sheet was 
laid on the floor so as to ensure that the grout and mortar did not damage the floor. Then, all the 
blocks were placed on the plastic sheet and arranged in prism shape. 
                               
(a) Wet Saw                                                            (b)  Cut blocks 
Figure 3.10 Moisten and cut blocks 
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All the 30 prisms of phase one were casted within one day by a skilled mason from the Ontario 
Masonry Training Centre, located in Mississauga, Ontario. One week later the prisms were 
grouted. The grout was scooped into the prisms. In order to fill all the voids in the prism an 
electronic vibrator was used.  After vibrating, the top surface of the prisms was flattened so as to 
make the later capping work more accurate when laid the capping plate on the prisms. The 
prisms were covered by a plastic sheet with water buckets underneath it to introduce a humidity 
environment (Figure 3.11). The temperature in the lab varied from 25
o
C to 30
o
C which was 
satisfied the curing condition recommended by Canadian standard (2004a). 
                         
Ideally, the prism specimens should be tested at 28
th
 day after grouting. However, all the 
specimens cannot be tested in one day. The actual testing day varied from 34 to 86 days and it is 
referred to as prism-test day. 
3.3.2 TEST SETUP 
The main objective for this test was to obtain the specified compressive strength and the 
correction factor for prisms with different height-to-thickness (h/t) ratios. Three main steps were 
applied which were prisms capping, linear potentiometer installation, and vertical compressively 
loading. 
Due to unevenness of the prism surfaces capping was necessity before placing the prism 
specimen under the loading actuator. The capping material and plate were the same as those used 
for the block test. Since the weight of one prism specimen was heavy, a manual lifting crane was 
used to transport the prism specimens (Figure 3.12).   
Figure 3.11 Curing for prisms 
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The bottom plate was laid on the floor of the structural lab before placing the prism specimens 
onto the capping plate. The bottom plate was leveled using a torpedo level. Then, capping 
material was poured on the surface of the plate. Because the capping material hardens in about 
10 minutes the prism specimen was placed on the plate immediately after pouring. Crane and  
lifting belt which had a maximum choker capacity 6500lbs (2948 kg) was used together to lift 
each prism specimen. Prisms had different heights and hence, different belt lengths were used. 
After prism specimen placed on the bottom plate torpedo level was used again to ensure that the 
whole system was levelled. If the prism was not well levelled minor adjustment was made to 
make it fully leveled by using small steel shims. The specimen was cured for one day so as to 
ensure the capping material reached its required strength. Then, the capping material was poured 
on the top surface of the prism so as to make the preparation for capping the top plate. The 
capping procedure for top plate was the same as the bottom plate. Again, prism specimen was 
cured for another 24 hours before load was applied. The lifting belt choice is illustrated in Figure 
3.13 and Table 3.7. 
(d)  Manual crane for transporting prisms 
(a) Pouring capping material on bottom plate (b) Level prism specimen with capping plate 
(c)  Pouring capping material on top plate 
Figure 3.12 Prism specimen transportation and capping 
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Table 3.7 Lifting belt length choice for prism with different positions and stages 
h/t ratio 
Belt 
position 
Lifting without bottom 
plate 
Lifting 
belt  
Lifting with bottom plate 
Lifting 
belt  
Estimate length choice Estimate length choice 
5 
Right  234.5cm 
8ft 
(2.45m) 
137.6cm 
5ft 
(1.55m) 
Left 194.5cm 
7ft 
(2.15m) 
4 
Right  215.5cm 
8ft 
(2.45m) 
117.8cm 
4ft 
(1.25m) 
Left 174.5cm 
6ft  
(185m) 
3 
Right  194.5cm 
7ft 
(2.15m) 
98cm 
4ft 
(1.25m) 
Left 174.5cm 
6ft 
(1.85m) 
2 
Right  174.5cm 
6ft 
(1.85m) 
78.2cm 
3ft 
(0.95m) 
Left 154.5cm 
5ft 
(1.55m) 
Note: 8ft = 243.8cm, 7ft=213.4cm, 6ft=182.8cm, 5ft=152.4cm, 4ft=121.9cm, 3ft=91.4cm 
 
In order to determine the modulus of elasticity of the prism specimens four linear potentiometers 
were installed on prism side faces (two on each side face). The maximum travel distance for 
linear potentiometer was 12.5mm. All the linear potentiometers were calibrated before their uses.  
The distance from the bottom screws to the nearest mortar joint center line was 100mm. The 
vertical axis of the linear potentiometer was 100mm away from each end face (Figure 3.14).  
A plastic coated steel wire was used to connect the linear potentiometer to the top screw. The 
lengths of gauges (wires) for each type of prism specimens are listed in Table 3.8.  
Table 3.8 Wires’ length for different type of prism specimens 
Prism type Gauge length (cm) 
2G1~6 24 
3G1~6 44 
4G1~6 64 
5G1~6 84 
4H1~6 64 
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lifting belt
     
lifting belt
bottom plate
 
(a) Without capping plate                                         (b) With capping plate 
Figure 3.13 Lifting arrangements for prism specimen 
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Figure 3.14 Linear potentiometer for four course high prism  
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Since the blocks were made of concrete an electric drill machine was used to drill the holes for 
the screws. During drilling, dust released in the air, and hence, the springs of the linear 
potentiometers needed to be cleaned with a compressed air gun before testing each prism. A wax 
paper was placed behind the wire and also lubricating oil named BREAK FREE SYNTHETIC 
AIRTOOL OIL was added between the wax paper and the wire (Figure 3.15) to ensure free 
movement of the wire attached to the linear potentiometers. 
 
The test specimen was placed on the strong floor under the loading actuator. It was centered and 
aligned properly. A Quasi-static monotonically increasing load was applied until prism failed in 
rupture as suggested in Appendix D of CSA S304.1, (2004a) (Figure 3.16). 
The load cell of 3000KN capacity was used to acquire the load data. Two and three course high 
prisms were relatively short than other prisms. Hence, a steel column was placed underneath the 
bottom loading plate to be able to use the same test setup as was used for five and four course 
high prisms. The prism specimens were centered with respect to the hydraulic load jack, the load 
cell, and the swivel head.  
3.4 SUMMARY 
This chapter discussed the test setups and test method used for determining various properties of 
materials and prism specimens. The required guidelines of Canadian Standard Association and 
ASTM were followed. Tests were carried out in the structural engineering lab of the University 
of Windsor.  
(a) With wax paper (b)  With wax paper and oil 
Figure 3.15 Linear potentiometer with wax paper and lubricating oil 
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(a) Sketch for prism setup                                                (b) Photo for prism setup 
Figure 3.16 prism test setup 
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 MATERIAL PROPERTIES 4.
4.1 INTRODUCTION 
Concrete masonry prism specimens consist of different materials. The properties of each material 
need to be determined so as to evaluate their influence on the prism’s compressive strength. Test 
procedures used in this study were introduced in Chapter 3. Several statistical data can be 
directly obtained (mean, standard deviation) from the test results. The mean and standard 
deviation of test results may only describe whether there is any difference between two samples. 
However, it cannot evaluate if the difference is reliable and statistically acceptable. Hence, t-test 
method is chosen to determine if the test results can statistically represent the actual property of 
the masonry constituents. In this chapter, compressive strength data and related statistical 
analysis for block unit, mortar, and grout are presented.   
The t-test is an inferential statistics method that allows researchers to make inference about the 
population beyond the existing data. This method can be divided into three types. The first and 
commonly used type is independent sample t-test which is utilized to check if two means 
(averages) are statistically different from each other; the second type is paired t-test which is 
used to test the mean of one group twice (one group under two different conditions); the third 
type is one sample t-test which is utilized to test if the mean of one sample adequately represents 
the whole population. In this chapter, independent sample t-test and one sample t-test are used. 
The results for t-test contain two parts which are t-value and p-value. The t-value describes the 
size of difference while p-value shows the probability of occurrence of such difference (Figure 
4.1). 
4.1.1 ONE SAMPLE T-TEST 
One sample t-test has limitations that need to be satisfied. These are: i) the test data should be 
normally distributed; ii) the sample should be randomly picked out from the population; iii) the 
cases of samples should be independent; iv) the mean of the population should be known. In this 
test, the t-value can be calculated using the following equations and p-value is determined by 
certain table. 
  
 ̅   
 
√                                                                                                                       (4.1) 
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  √
∑    ̅  
   
                                                                                                                    (4.2) 
where, s is the standard deviation 
 ̅ is the sample mean 
n is the number of observations in the sample 
   is the population mean 
t is one sample t-test value 
Frequency
t- value - tcritical  tcritical
t
 
Figure 4.1 t- test result explanation diagram 
A comparison between t-value and critical t-value (tcritical) needs to be carried out. The critical t-
value is determined for a desired confidence level and also the degree of freedom that is one less 
than the number of observations in the sample (Appendix A, Table A-1). In this study, the 
confidence level is set to 95% which is considered highly accurate in civil engineering 
applications. The comparison is used to explain the meaning of t-test result using two types of 
hypothesis which are null hypothesis and alternative hypothesis. Null hypothesis assumes that 
there is no significant difference between the population mean and the sample mean      , 
whereas, the alternative hypothesis assumes that there is a significant difference between the 
population mean and sample mean. Hypothesis determination procedure can be completed by 
either comparing the tested t-value with critical t-value or comparing the tested p-value with the 
given level of significance (1-confidence level) (Table 4.1).  
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Table 4.1 Criterion for t-test conclusion 
Criterion 
Conclusion t-value 
comparison 
p-value 
comparison 
| |   
     
 
 
        accept         , reject     
| |   
     
 
 
        accept        ), reject    
 
4.1.2 INDEPENDENT SAMPLE T-TEST 
The principle for independent sample t-test is similar to one sample t-test. It is used to compare 
two sample groups while one sample t-test compares only one group with the expected 
(population) mean. The t-value of independent sample t-test can be calculated by the following 
equation. 
  
     
  √
 
  
 
 
  
                                                                                                                     (4.3) 
where, 
  
  
        
          
 
       
                                                                                                     (4.4) 
The   is the square root of the pooled variance (pooled standard deviation) 
   is the mean for sample set 1 
   is the mean for sample set 2 
   is the number of data in sample set 1 
   is the number of data in sample set 2 
   is the standard deviation for sample set 1 
   is the standard deviation for sample set 2 
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The calculated t-value and p-value are used for the final conclusion. The statistical explanation 
for the final result is still based on two types of hypothesis as is the case with one sample t-test 
(Table 4.1).  
For this study, a confidence level of 95% was chosen. The null hypothesis with     is the 
criterion for one sample t-test and       is the criterion for independent sample t-test. The 
alternative hypothesis with     is for one sample t-test and       is for independent sample 
t-test. 
4.2 MASONRY UNITS 
4.2.1 COMPRESSIVE STRENGTH 
Blocks were all tested in the structural engineering lab of the University of Windsor. The test 
procedure was discussed in Chapter 3. The tests were carried out in accordance with CSA 165.1 
(2004b) and ASTM C 140 (2011b) specifications. Six blocks were chosen randomly from the 
block pallets for testing. The maximum compression loads of the blocks were fairly similar and 
the value ranged from 1100KN to 1161KN. Only one block (unit 2) failed at 1018KN and this 
specimen was rejected. The failure mode for the block units was a classic conical shear 
compression failure (Figure 4.2). The average compressive strength, standard deviation, 
coefficient of variation, and specified compressive strength were calculated based on 5 block 
units (unit 2 was excluded).  
 
Figure 4.2 Concrete masonry block conical shear compression failure 
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The following equations were used to calculate the above mentioned parameters (CSA S304.1, 
2004a) 
Compressive strength:   
 
 
                                                                                           (4.1) 
Mean unit strength:     
∑  
 
                                                                                   (4.2) 
Standard deviation:   √
∑        
   
                                                                                (4.3) 
Coefficient of variation:   
 
   
                                                                               (4.4) 
Specified unit strength:      
                                                          (4.5) 
Where, P is the maximum compressive load applied to block unit 
A is the effective area of the block 
Initially, the dimension for six block units from three different pallets were measured, and the 
average value was the dimension of block unit used in this study. The top face area was the net 
effective area of the unit. It was calculated with the help of AUTOCAD (Figure 4.3). 
5
0
1
9
0
390
15
3
15
 
A=39200mm² 
Figure 4.3 Net effective area for block unit
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The detailed masonry unit compression test result is shown in Table 4.1 
Table 4.2 Masonry unit compression result  
Test 
Specimen 
Curing 
time (day) 
Max. 
Compression 
load (KN) 
Effective 
area (mm²) 
Stress (MPa) fav (MPa) Standard 
deviation 
C.O.V (%) 
f'block 
(MPa) Max. load/ net area Average unit strength 
1 9 1152.1 39200 29.4 
28.9  0.60 2.09% 27.9 
2 
(Rejected) 
9 1018.6 39200 26.0 
3 9 1125.4 39200 28.7  
4 9 1105.4 39200 28.2  
5 9 1161.0 39200 29.6  
6 9 1116.5 39200 28.5 
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4.2.2 STATISTICAL ANALYSIS 
The block units tested were randomly picked from the pallets. This guaranteed the tested result 
adequately represents the block unit property. Moreover, one sample t-test was also utilized to 
evaluate this. 
From the test results listed in Table 4.2, the average of the block unit compressive strength is 
28.9MPa. An excepted (assumed) mean was set as 29MPa before undertaking one sample t-test. 
One sample t-test was undertaken in MS EXCEL. The t- test result is shown in Tables 4.3 and 
4.4. 
The null hypothesis (H0) is accepted in this test which states that the average compressive 
strength of the tested block samples (29MPa) statistically represent the average compressive 
strength for all the block units used in the prism test. This result also adequately proved that the 
average compressive strength of the block samples can represent all the pallets of blocks used in 
this test.  
Table 4.3 One sample t-test result for block unit compressive strength 
Test Specimen Compressive Stress (MPa) Assumed Compressive Strength (MPa) 
1 29.4 
29 
2 28.7 
3 28.2 
4 29.6 
5 28.5 
MEAN 28.9 
STDEV 0.60 
DF 4 (=5-1) 
Tested t-value -0.447 
 
     
 
 
 2.776 
Tested P - value 0.678 
Level of significance 0.05 
 
Table 4.4 Statistical conclusion for one sample t-test 
 
t-value comparison p-value comparison Conclusion 
| |         
     
 
 
                    Accept    (    ), reject     
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4.3 MORTAR 
4.3.1 COMPRESSIVE STRENGTH 
As mentioned in Chapter 3, type S mortar was used in this study. For phase one prism tests, 
seven batches of mortar were used. For phase two prism tests, eight batches of mortar were used. 
Mortar consumptions for prism specimens varied from each other (Tables 4.5 a and 4.5b). 
Table 4.5a Mortar consumption for different prism types (Phase one) 
Prism Specimen Types Mortar Consumption (in batches) 
2GSFS1 to 6 0.4 
3GRFS1 to 6 1.1 
4GRFS1 to 6 1.7 
5GRFS1 to 6 2.1 
4HRFS1 to 6 1.7 
Total mortar consumption 7 
 
 
Table 4.5b Mortar consumption for different prism types (Phase two) 
Prism Specimen Types  Mortar Consumption (in batches) 
2HSFS1 to 6 0.4  
2HRFS1 to 6 0.4 
3HRFS1 to 6 1.1  
4HRFS1 to 6 1.7  
4HRFB1 to 6 2.0  
5HRFS1 to 6 2.1  
Total mortar consumption 8 
 
On several occasions, one batch of mortar served for more than one type of prism. Under other 
circumstances, one type of prism needed more than one batch. Mortar cubes for four course high 
and five course high prism specimens were made from one batch; cubes for three course high 
and two course high prisms were obtained from two different batches separately.  For phase one 
additional prisms and phase two prisms, mortar cubes were mixed separately for every prism 
type. In total, six cubes were made for each mortar type that three of them were tested on the 28
th
 
day while others were tested on the test day. Flow test was undertaken for every batch, and the 
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spread ranged from 100%~115%. Tables 4.6, 4.7, and 4.8 summarise the mortar cube 
compression test results. 
Table 4.6 Phase one mortar cube test results 
Mortar 
Batch 
Prism 
type 
Test day 
Compressive 
Strength 
(MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
Test day 
Compressive 
Strength 
(MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
1 
2GSFB1 
to 6 
28 17.0 
17.0 6.7 
56 19.3 
18.9 4.1 28 18.1 56 19.4 
28 15.8 56 18.0 
2 
3GRFB1 
to 6 
28 17.2 
17.8 2.9 
54 18.3 
18.1 1.8 28 17.9 54 17.8 
28 18.2 54 18.4 
3 
4GRFB1 
to 6 
5GRFB1 
to 6 
 
28 18.2 
17.1 6.7 
47 22.1 
20.1 4.9 28 16.0 47 19.4 
28 17.2 47 20.8 
 
Table 4.7 Phase one additional mortar cube test results  
Mortar 
Batch 
Prism 
type 
Test day 
Compressive 
Strength 
(MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
Test day 
Compressive 
Strength 
(MPa)) 
Average 
(MPa) 
C.O.V. 
(%) 
1 
2GRFB1 
to 6 
28 15.2 
15.7 2.2 
92 16.9 
17.2 3.2 
28 15.8 92 17.5 
28 15.6 92 17.7 
28 16.0 92 16.5 
2 
4GRFB1 
to 6 
 
28 16.3 
16.5 1.6 
49 18.2 
18.2 1.5 
28 16.9 49 18.5 
28 16.4 49 17.9 
28 16.4 49 18.0 
 
Although the mortar mix proportions were identical for all batches, the compressive strength 
varied. This may be due to hand mixing and handling, the difference in water volumes used to 
meet the flow requirement, the curing temperature, and room humidity.  
The average compressive strength at 28
th
 day ranges from 15.7MPa to 22.1MPa. The overall 
average strength is 19.1MPa. The coefficient of variation varied from 1.6% to 6.7% with an 
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average of 4.0%. The overall average mortar cube compressive strength obtained at the test day 
increased slightly which is 20.6MPa. The average coefficient of variation of test day strength 
decreased to 3.3%. 
Table 4.8 Phase two mortar cube test 
Mortar 
Batch 
Prism 
type 
Test day 
Compressive 
Strength 
(MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
Test day 
Compressive 
Strength 
(MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
1 
2HSFS1 
to 6 
28 
20.1 
20.4 4.2 57 
21.7 
22.1 2.5 19.8 22.8 
21.4 21.9 
2 
2HRFS1 
to 6 
28 
21.0 
21.3 4.1 55 
23.0 
22.8 2.6 22.2 22.2 
20.6 23.3 
3 
3HRFS1 
to 6 
28 
19.5 
20.2 4.6 51 
20.9 
21.4 4.8 21.3 22.6 
19.9 20.7 
4 
4HRFS1 
to 6 
28 
22.6 
21.8 3.9 44 
24.2 
23.5 3.6 20.9 22.5 
22.0 23.7 
5 
4HRFB1 
to 6 
28 
21.3 
22.1 3.6 42 
22.9 
23.8 4.1 22.9 24.8 
22.1 23.7 
6 
5HRFS1 
to 6 
28 
19.9 
19.9 3.0 48 
20.5 
21.1 3.3 20.5 21.8 
19.3 20.9 
 
4.3.2 STATISTICAL ANALYSIS 
From Tables 4.6 to 4.8, the mortar cube compressive strength under same volume proportions is 
found to be different. Since only one volume proportions was used in this study, the different in 
compressive strength of mortar cubes among batches should not be significant to ensure that 
each mortar batch has the same property. The independent sample t-test was utilized to assess the 
significance of the difference in strength among mortar batches. Every mortar batch was 
compared with others so as to determine the statistical relationship between every two mortar 
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batches. Also one sample t-test was utilized to determine if the tested compressive strength for 
each mortar batch can statistically represent the general compressive strength of the mortar under 
such volume proportion. 
Table 4.9 Phase one 28
th
 day t-test results 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 4 -1.100 2.776 0.333 0.05 Accept Reject 
1 3 4 -0.181 2.776 0.865 0.05 Accept Reject 
2 3 4 0.903 2.776 0.418 0.05 Accept Reject 
LS is the level of significance; DF is the degree of freedom 
Table 4.10 Phase one prism-test day t-test results 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 4 1.564 2.776 0.193 0.05 Accept Reject 
1 3 4 -2.087 2.776 0.105 0.05 Accept Reject 
2 3 4 -3.298 2.776 0.030 0.05 Reject Accept 
 LS is the level of significance; DF is the degree of freedom 
Table 4.11 Phase one additional 28
th
 day t-test results 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 6 -3.930 2.447 0.008 0.05 Reject Accept 
 
Table 4.12 Phase one additional prism-test day t-test results 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 6 -3.262 2.447 0.017 0.05 Reject Accept 
 
For independent sample t-test, the confidence level was set as 0.95. Under same volume 
proportions for mortar mix the mean compressive strength for two mortar batches with no 
difference was set as null hypothesis (         ); the mean compressive strength for two 
mortar batches with difference was set as alternative hypothesis            . The independent 
t-test was conducted on both 28
th
 day (Tables 4.9, 4.11, and 4.13) and prism test day (Tables 4.10, 
4.12, and 4.14) compressive strength test result. 
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For phase one mortar cube 28
th
 day data, the differences in average strength among three mortar 
batches are statistically insignificant. For prism test strength, the differences between batches 1 
and 2 as well as between batches 1 and 3 are still statistically insignificant. However, for batches 
2 and 3 the difference is statistically significant which exhibited a reverse trend with the other 
results. The mortar compressive strength is expected to increase with time. The curing time for 
mortar cube tested on prism-test day varied which may have caused the compressive strength did 
not increase same way in each batch (Table 4.10). Consequently, the t-test conducted on prism-
test day is unacceptable. However, t-test still carried out on prism-test day data which is taken as 
a reference for phase one additional and phase two test. 
Table 4.13 Phase two additional 28
th
 day t- test result 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 4 -1.236 2.776 0.284 0.05 Accept Reject 
1 3 4 0.238 2.776 0.824 0.05 Accept Reject 
1 4 4 -2.020 2.776 0.114 0.05 Accept Reject 
1 5 4 -2.498 2.776 0.067 0.05 Accept Reject 
1 6 4 0.823 2.776 0.457 0.05 Accept Reject 
2 3 4 1.407 2.776 0.232 0.05 Accept Reject 
2 4 4 -0.758 2.776 0.490 0.05 Accept Reject 
2 5 4 -1.191 2.776 0.299 0.05 Accept Reject 
2 6 4 2.226 2.776 0.090 0.05 Accept Reject 
3 4 4 -2.151 2.776 0.098 0.05 Accept Reject 
3 5 4 -2.603 2.776 0.060 0.05 Accept Reject 
3 6 4 0.498 2.776 0.645 0.05 Accept Reject 
4 5 4 -0.415 2.776 0.699 0.05 Accept Reject 
4 6 4 3.148 2.776 0.035 0.05 Reject Accept 
5 6 4 3.763 2.776 0.020 0.05 Reject Accept 
 
Both 28
th
 day and prism-test day average compressive strength between two batches of phase 
one additional test was statistically significant. For phase two prisms, the average mortar 
compressive strength for batch 1 was statistically insignificant from batches 2 to 6. Batch 2 was 
statistically insignificant from batches 3 to 6. The average compression for batch 3 was 
statistically insignificant from batches 4 to 6. The average compressive strength for batches 4 
and 5 were found to be statistically the same. Among all the batches, only batches 4 and 6 as 
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well as batches 5 and 6 were statistically significant. The compressive strength for majority 
batches showed no difference. 
Table 4.14 Phase two test day t-test result 
Batch A  Batch B DF t t-critical p LS H0 H1 
1 2 4 -1.453 2.776 0.220 0.05 Accept Reject 
1 3 4 1.124 2.776 0.324 0.05 Accept Reject 
1 4 4 -2.269 2.776 0.086 0.05 Accept Reject 
1 5 4 -2.614 2.776 0.059 0.05 Accept Reject 
1 6 4 2.058 2.776 0.109 0.05 Accept Reject 
2 3 4 2.094 2.776 0.104 0.05 Accept Reject 
2 4 4 -1.075 2.776 0.343 0.05 Accept Reject 
2 5 4 -1.526 2.776 0.202 0.05 Accept Reject 
2 6 4 3.287 2.776 0.030 0.05 Reject Accept 
3 4 4 -2.703 2.776 0.054 0.05 Accept Reject 
3 5 4 -2.988 2.776 0.040 0.05 Reject Accept 
3 6 4 0.408 2.776 0.704 0.05 Accept Reject 
4 5 4 -0.486 2.776 0.652 0.05 Accept Reject 
4 6 4 3.764 2.776 0.020 0.05 Reject Accept 
5 6 4 3.978 2.776 0.016 0.05 Reject Accept 
 
For one sample t-test, all the mortar cubes were considered together. In this test, the confidence 
level was set to 0.95 as well. Null hypothesis (H0) states that the average compressive strength 
for all the mortar specimens statistically equal to the general compressive strength for the mortar 
(        ). Alternative hypothesis (H1) presents that the average compressive strength for the 
tested mortar samples does not statistically same to the general compressive strength of the 
mortar           . The expected (assumed) mean was 19MPa for 28
th
 day test and 21MPa for 
prism-test day test since the average compressive strength for all the mortar samples were 
18.9MPa for 28
th
 day test and 20.6MPa for prism-test day tests. The conclusions are shown in 
Tables 4.15 and 4.16. Tables B-1 and B-2 in Appendix B illustrates the summary of mortar one 
sample t-test result. 
Hence, the 28
th
 day average compressive strength of 19MPa is statistically acceptable for all 
mortar batches. Also, the null hypothesis is accepted which proves the tested result can 
adequately represent the general strength of the mortar made with the volume mix proportions 
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used in this test. A more detailed study on mortar properties were not conducted since the mortar 
has little effect on concrete masonry prism compressive strength (Hamid et al. 1978, Drysdale 
and Hamid, 1979; Hamid et al. 1985; Khalil et al. 1987; khalaf et al. 1994; Hasan 2005). 
Table 4.15 One sample t-test result for 28
th
 day mortar compressive test 
t value comparison p value comparison Conclusion 
| |         
     
 
 
                    Accept   , reject    (    ) 
 
Table 4.16 One sample t-test result for prism-ftest day mortar compressive test 
t value comparison p value comparison Conclusion 
| |           
     
 
 
                    Accept   , reject    (    ) 
 
4.4 GROUT 
4.4.1 COMPRESSIVE STRENGTH 
A total of 32 grout cylinder specimens were tested. Detailed test procedure was discussed in 
Chapter 3. For each batch, 8 cylindrical specimens were prepared. Four of them were tested at 
28
th
 day (right after curing period), others were tested on the prism-test day. The dimensions of 
cylindrical samples were 200mm high × 100mm in diameter. In addition, in-situ (cored) grout 
specimens were tested at 28
th
 day and prism-test day. Due to inadvertent mistake, cored 
specimen was not prepared for every batch. Hence, one additional grout batch was prepare to 
prepare additional eight cored specimens (Table 4.19). All the cylindrical specimens and cored 
specimens were tested in the University of Windsor. The loading speed was 2kN/sec for 
cylindrical specimens and 0.5kN/ sec for cored specimens. With the loading rate mentioned 
above, the completion of each compression test took about 90 seconds. The test results are 
shown in Tables 4.17 and 4.18. 
From the table 4.17 and 4.18, the compressive strength obtained from the grout cylinders at 28
th
 
day ranged from 16.8MPa to 22.7MPa with an average compressive strength of 19.3MPa. The 
coefficient of variation fluctuated from 1.3% to 3.9%. The coefficient of variation increased to 
10.8%, if all 28
th
 day grout cylindrical specimens were treated as one large data set. Figures 4.4 
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and 4.5 shows two different histograms for grout cylinder 28
th
 day test results. Figure 4.6 uses 
the normal distribution to illustrate the grout cylinder 28
th
 day test result. 
Table 4.17 28
th
 day grout cylinder compressive test result 
Grout 
Batch 
Test 
Specimen 
Test 
day  
Compressive strength of grout cylindrical specmens 
Load (kN) Strength (MPa) 
Average 
(MPa) 
C.O.V. (%) 
1 
2GSFS 1 
to 6 
28 143.4 18.3 
18.5 
19.3 
2.9 
10.8 
28 150.8 19.2 
28 144.7 18.4 
28 141.1 18.0 
2 
3GRFS 1 
to 6 
28 178.5 22.7 
21.9 3.9 
28 176 22.4 
28 163.3 20.8 
28 171.5 21.8 
3 
4GRFS 1 
to 6 
28 155 19.7 
19.7 1.3 
28 152.5 19.4 
28 156.1 19.9 
28 156.0 19.9 
4 
5GRFS 1 
to 6 
28 136.6 17.4 
17.0 1.6 
28 132.3 16.8 
28 133.6 17.0 
28 131.8 16.8 
 
 
Figure 4.4 Histogram for grout 28
th
 day compressive strength (curve chart) 
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Figure 4.5 Histogram for grout 28
th
 day compressive strength (bar chart) 
 
Figure 4.6 Grout 28
th
 day compressive strength normal distribution 
The grout strength increases with the time. However, the compressive strength of all grout 
cylinders tested on prism-test day did not exceed the 28
th
 day test result. The average 
compressive strength for grout cylinders for two course high prisms and three course high 
prisms increased by 3.8% and 5.9%, respectively. While, the average compressive strength 
for four course high and five course high grout cylinder specimens decreased by 5.1% and 
1.2%, respectively (Figure 4.7). The grout consumption for prism with h/t ratio of 4 (or 5) 
was two batches. The grout cylindrical specimens for 28
th
 day test were prepared from the 
first batch while the cylindrical specimens for prism-test day strength were prepared from the 
second batch. Two grout batches were mixed and this may have caused prism-test day 
strength lower than that of 28
th
 day strength. If all the samples used in prism-test day are 
considered as one set of data, the compressive strength at prism test-day only increased by 
0.1%.  Figure 4.8 and 4.9 shows two different histograms for grout cylinders test day results. 
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Figure 4.10 presents the data in normal distribution. 
Table 4.18 Grout cylinder compressive test on prism-test day 
Grout 
Batch 
Test 
Specimen 
Test 
day 
Compressive strength of grout cylindrical specimens 
Load (kN) Strength (MPa) 
Average 
(MPa) 
C.O.V. (%) 
2 
2GSFS 1 
to 6 
56 141.0 18.0 
19.2 
19.5 
5.9 
13.6 
56 156.6 19.9 
56 146.1 18.6 
56 160.1 20.4 
3 
3GRFS 1 
to 6 
54 184.6 23.5 
23.2 3.1 
54 185.5 23.6 
54 173.5 22.1 
54 184.2 23.5 
4 
4GRFS 1 
to 6 
47 133.9 17.0 
18.7 6.2 
47 156.6 19.9 
47 146.8 18.7 
47 138.3 17.6 
5 
5GRFS 1 
to 6 
47 129.0  16.4 
16.8 4.5 
47 137.5 17.5 
47 137.0  17.4 
47 125.4 16.0 
 
 
Figure 4.7 Comparison between 28
th
 day and prism-test day grout cylinder strength 
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Figure 4.8 Histogram for grout prism-test day compressive strength (curve chart) 
 
Figure 4.9 Histogram for grout prism-test day compressive strength (bar chart) 
 
Figure 4.10 Grout prism-test day strength normal distribution 
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CSA does not recommend using cored specimens However, this test is undertaken to determine 
the in-situ strength of grout and used as a reference. Cored specimens should have prepared for 
every grouted prism type, however, they were only made from a separate grout batch and tested 
on prism-test day. Therefore, test data obtained from cored specimens dose not relate to the in-
situ grout property for every prism type. Hence, the compressive strengths of cored specimens 
were only utilized as a reference (Table.4.19). The average compressive strength for eight cored 
specimen was 23.3MPa. The average compressive strength of cored specimens showed an 
increase of 20.2% in compared with the grout cylinder test results. The C.O.V of 19% was found 
in the strength of cored specimen test.  
Table 4.19 Grout cored specimen compressive test on prism-test day 
Grout 
Batch 
Test day 
Compressive strength of Cored specimen 
Load (kN) Strength (MPa) 
Average 
(MPa) 
C.O.V. 
(%) 
5 
28 21.8 22.7 
23.3 23% 
28 17.7 18.4 
28 19.0 19.7 
28 22.5 23.4 
28 24.4 25.4 
28 26.1 27.1 
28 31.7 32.9 
28 15.9 16.5 
 
4.4.2 STATISTICAL ANALYSIS 
One sample t-test and independent sample t-test were utilized again on grout cylinder strength 
data. The former was used to determine if the tested samples can represent the general grout 
compressive strength under such volume proportion (Appendix B, Tables B-3 and B-4); the latter 
was used to investigate the significance of the difference in compressive strength among batches. 
The average compressive strength for all grout specimens were 19.3MPa at 28 day test and 
19.5MPa at prism-test day test. Hence, the assumed average 28
th
 day and prism-test day 
compressive strength for grout cylinder test was set to 20MPa with a confidence level of 0.95 for 
both test sets. Tables 4.20 and 4.21 describe that the difference between average grout samples 
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compressive strength and the assumed compressive strength was statistically insignificant. 
Consequently, grout with 20MPa compressive strength can be treated as the general strength for 
grout mixed with such volume proportion in this test. 
Table 4.20 One sample t-test result for 28
th
 day grout compressive test 
t value comparison p value comparison Conclusion 
| |         
     
 
 
                    Accept   , reject    (    ) 
 
Table 4.21 One sample t-test result for prism-test day grout compressive test 
t value comparison p value comparison Conclusion 
| |         
     
 
 
                    Accept   , reject    (    ) 
 
Independent sample t-test results are shown in Tables 4.22 and 4.23. For 28
th
 day data, the 
average compressive strength among batches was statistically significant. The same phenomenon 
was found for prism-test day test result except Batches 1 and 3. As a result, the average 
compressive strength differences between batches were significant.  
Table 4.22 Independent sample t-test result for 28
th
 day grout compressive strength 
Batch A  Batch B DF t t critical p LS H0 H1 
1 2 6 -7.024 2.447 0.0004 0.05 Reject Accept 
1 3 6 -4.431 2.447 0.004 0.05 Reject Accept 
1 4 6 5.041 2.447 0.002 0.05 Reject Accept 
2 3 6 5.053 2.447 0.002 0.05 Reject Accept 
2 4 6 11.135 2.447 3.1E-05 0.05 Reject Accept 
3 4 6 14.788 2.447 6E-06 0.05 Reject Accept 
 
A relatively large variation in compressive strength among batches for both 28
th
 day test result 
and prism-test day result was found probably because of: i) during grout mixing, the weight of 
the material was not measured exactly on scales every time, it was decided based on the weight 
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value labelled on the package of the material (e.g. one bag of sand is labelled 20 kg on the 
package). This might have caused the weight variation for mixture proportions which may have 
influenced the compressive strength among the batches; ii) water volume added to each batch 
was slightly different which change the water: cement ratio and may also have affected the 
compressive strength.  
Table 4.23 Independent sample t-test result for prism-test day grout compressive strength 
Batch A  Batch B DF t t critical p LS H0 H1 
1 2 6 -5.9577 2.447 0.001 0.05 Reject Accept 
1 3 6 1.09091 2.447 0.317 0.05 Accept Reject 
1 4 6 3.58602 2.447 0.012 0.05 Reject Accept 
2 3 6 6.65073 2.447 0.001 0.05 Reject Accept 
2 4 6 12.3063 2.447 1.8E-05 0.05 Reject Accept 
3 4 6 1.99685 2.447 0.093 0.05 Accept Reject 
 
The compressive strength results obtained from cylinders tested on prism-test day are not always 
larger than that of cylinder tested on 28
th
 day. Before loading the cylinder specimens, every 
specimen needed to be capped. It required top and bottom surface covering by parallel caps. 
However, this requirement may not have been perfectly satisfied due to inaccuracy in the 
capping operation. If the cylinder capping was not levelled properly, one side of the specimen 
may carry more load. Such loading condition can cause one side of the cylinder to be in 
compression, the other side in tension. The crack can propagate in the tension zone which caused 
the cylinder early failure. The variation in grout compressive strength has little effect on the 
prism compressive strength (Hamid et al. (1978), Drysdale and Hamid (1979), and Hamid et al. 
(1978)). Hence, the grout compressive strength variation did not have a noticeable influence on 
the prism compressive strength.  
4.5 SUMMARY 
The properties of each material used to build the prism were determined in this chapter. Every 
material was evaluated based on both test data and statistical analysis. The block unit with a 
general compressive strength of 29MPa was statistically proved to represent the whole pallets of 
blocks by one sample t-test. The variation in mortar 28
th
 strength and prism-test day strength 
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among batches were statistically insignificant. The 28
th
 day strength of 19MPa for mortar was 
determined by one sample t-test. Grout with 28
th
 strength of 20MPa was used in this test. 
Although, the strength differences among grout batches were statistically significant, this did not 
seriously affect the prism compressive strength. The in-situ grout cores with 20.2% higher 
strength than that of grout cylindrical samples were prepared as a reference. In this test, prism 
was built by the materials with above mentioned features. 
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 PRISM TEST RESULT 5.
5.1 INTRODUCTION 
The prism test results were used to determine the compressive strength of prism specimens. 
Since the prism was constituted of different materials a statistical analysis was conducted to 
ensure each prism can represent the general properties (strength) of masonry prism. Moreover, 
the effects of masonry materials on prism compressive strength were explored. The test matrix is 
shown in Tables 3.4, 3.5, and 3.6. 
5.1.1 PRISM TEST RESULT ANALYSIS 
The height-to-thickness ratio correction factors (h/t factor) for prisms are used to adjust the 
undue increase in strength of shorter prisms (CSA S304.1, 2004a). The main purpose of test in 
this study was to determine the specified compressive strength (f’m) for prism groups with 
various h/t values. In addition, the modulus of elasticity was also determined using on the prism 
stress-strain curves derived from the tests. The following equations were applied to calculate the 
specified compressive strength (CSA S304.1, 2004a). 
Compressive strength:   
 
 
                                                                                           (5.1) 
Mean prism strength:     
∑  
 
                                                                                (5.2) 
Standard deviation:   √
∑        
   
                                                                                (5.3) 
Coefficient of variation:   
 
   
                                                                              (5.4) 
Specified masonry strength:   
                                                     (5.5) 
Where, P is the maximum compressive load obtained from test 
A is the net effective area 
n is the number of tested specimens 
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The modulus of elasticity for masonry prisms (Em) is determined from the compressive stress 
and strain relationship. It is the secant modulus of the stress-strain curve ranging from 0.05 to 
0.33 of maximum stress (CSA S304.1, 2004a). Two methods were used to calculate the modulus 
of elasticity. The first one is graphical method which uses all stress-strain data points in that 
stress range. The value of the modulus of elasticity is the tangent of the stress-strain curve. 
However, the stress-strain relationships derived from the tests were not always perfectly linear. 
In this case, the graphical method was applied with the help of “MS EXCEL”. The stress-strain 
relation within the proper range was plotted in MS EXCEL. The modulus of elasticity value was 
calculated from the linear fit line of test data by the software. The second method is 
mathematical method and Em is calculated using Equation 5.6 as recommended by CSA S3041.1 
(2004a). All the prisms were tested in structural lab of the University of Windsor. 
   
                 
       
                                                                                                            
Here, fmax is the maximum compressive strength 
        is the strain difference between 0.05 and 0.33 of maximum stress 
5.1.2 STATISTICAL ANALYSIS 
The t-test was used to determine if the prism compressive strength results exhibited a good 
statistical representation of all the prisms. The prism was constructed with mortar, grout, and 
blocks. In Chapter 4, it was found that materials strength difference have insignificant effect on 
the prism compressive strength. It is believed that the compressive strength of prism is possibly 
affected by (a) height-to-thickness ratio and (b) mortar bond type chosen. One-way analysis of 
variance (ANOVA) test that examines the difference of the means for two or more independent 
groups was chosen to investigate the effect of these parameters in this study. Equation 5.7 
describes one-way ANOVA test with linear model. 
                                                                                              (5.7) 
Where,    is the j
th
 data value from level i 
  is the grand mean 
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   is the deviation of each level mean from the grand mean 
    is the random error (Residual) 
The linear relationship significance property between dependent variable       and independent 
variable      is checked using F-probability distribution (confidence level is set as 0.95 which is 
considered as very accurate in civil engineering applications). Similar to the t-test, the 
significance is determined by two hypotheses. In F- test, null hypothesis assumes there is no 
difference among the means, whereas the alternative hypothesis indicates the means are not 
equal. If F value (| |) is larger than F critical value (      ), null hypothesis is rejected which 
represents the relationship between independent variable and explanatory variables are 
statistically significant (Table 5.2). F-value is determined by Table 5.1. F critical value is 
determined for a desired confidence level and also the degree of freedom (Appendix A, Table A-
2). 
Table 5.1 ANOVA test result table for an a×b factorial experiment 
Source Sum of Squares (SS) 
Degree of 
Freedom (df) 
Mean Sum of Squares 
(MS) 
F-value 
Factor SSF =  ∑    ̅     ̅ 
  (I-1) MSF=SSF/(I-1) FA=MSF/MSE 
Residual SSE = ∑∑        ̅  
  I(J-1) MSE=SSE/ I(J-1)  
Total  SST = ∑∑        ̅ 
  IJ-1     
Where       ̅  
 
 
∑    
 
   , and           ̅  
 
  
∑ ∑    
 
   
 
    
Table 5.2 Criterion for F – test conclusion 
Criterion 
Conclusion 
F value comparison 
p value 
comparison 
| |                Accept H0                 
| |                Accept H1(the means are not all equal) 
 
5.2 GROUTED PRISM TEST RESULT 
5.2.1 PRISMS SPECIMENS 5GRFS 
Five course high prism specimens were fully grouted. The average 28
th
 day grout strength was 
17MPa with a C.O.V. of 1.6% (Table 4.17). The average 28
th
 day mortar strength was 17.1MPa 
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with a C.O.V. of 6.7% (Table 4.6). The net effective area is the gross area of the block which is 
70500mm² (395mm×195mm – frogged end area). Running bond and face shell bedding was used 
in this prism (see Table 3.4). The compression test result are summarised in Table 5.3. 
According to CSA S304.1 (2004a), the specified compressive strength is to be calculated based 
on minimum five prisms with C.O.V. less than 15%. In this study, six prism specimens were 
built for each prism type. Hence, specimen with lowest (highest) maximum compressive strength 
which may seriously affect the C.O.V. value for each prism type was rejected in the following 
analysis. The detailed test results are described in Appendix C, Table C-1. 
Table 5.3 Compressive test results for specimens 5GRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
5GRFS-1 17.9  
17.2 13.7  12.4% 
5GRFS-2 14.5 
5GRFS-3 19.1 
5GRFS-4 15.4  
5GRFS-5 19.0  
 
 
Figure 5.1 Histogram for prism 5GRFS 
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Figure 5.2 Normal distribution for prism 5GRFS 
The compressive strength result are illustrated in a frequency histogram in Figure 5.1, the 
interval used for histogram is standard deviation. The test data follows normal distribution which 
is the precondition for the statistical analysis used in this Chapter. The test result exhibited in 
normal distribution as shown in Figure 5.2. 
The failure for this prism occurred rapidly (failure occurred within few seconds). It was difficult 
to capture the prism state right before failure occurred. Hence, it is not realistic to conclude 
whether the block is shed leading to the grout core fail or the grout core fails first squeezing the 
block to be shed. 
In this test, specimens 1, 3, and 5 exhibited a typical conical shear failure mode (Figures 5.3 (a) 
and (b)). Before failure occurred cracks were visible in the face shell and also in the web of the 
block. After that both block and grout failed in conical shape. For the fourth specimen a huge 
crack was observed on the face shell in the first and second courses right before failure (Figure 
5.3 (c)). The specimen could not take any more load and failure occurred (Figure 5.3 (d)). This 
might have happened due to insufficient cement paste absorption by the block which may have 
lead block and grout working separately under loading. As a result, as the maximum 
compression load of block reached, the prism may not instantaneously fail due to inadequate 
grout-block bonding effect. The second specimen also exhibited a similar failure mode as the 
fourth specimen. This is because a gap between block and grout was observed. Specimen six 
13 15 17 19 21
Compressive strength (MPa) 
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failed only due to the block face shell shedding and the grout did not fail (Figure 5.3 (e)). Several 
large voids were also found in the grout column (Figure 5.3 (f)). This may have occurred because 
of incomplete grout compaction and low grout slump. As a result, the compressive strength for 
specimen six was much lower (12.8MPa). Hence, the compressive strength for specimen six was 
not taken into account while calculating the specified compressive strength (f’m) for this prism 
group. Consequently, the failure mode for grouted prism can be divided into three types as 
follows. 
 i) For mode one: web cracked and the face shell of the block split after failure. The top part of 
the grout column failed in a classical conical shape indicating a good bond between block and 
grout. This is the mode of failure expected in a grouted prism when grout and blocks bond well 
and good load transfer occurs between grout and blocks. 
ii) For mode two: the web cracked and the face shell split from the prism after failure. However, 
the block did not bond with grout at all and hence, no load transfer between block and the grout 
occurred.  Hence, the blocks failed more like a hollow prism. After failure, the grout core was 
almost undamaged. This failure mode is unwanted since almost no load transfer between grout 
column and blocks occurs in this mode and hence, results in lowest compressive strength.  
iii) For mode three: it describes a failure mode which lies in between mode one and mode two. 
Block and grout for this prism mode did not bond well everywhere so as to make some part of 
the prism failed as mode one while other parts failed in mode two. Hence, this mode exhibited 
moderate strength. Table 5.4 summarise the prism failure mode of five course high grouted prism. 
Table 5.4 Failure mode summarise for 5GRFS-1to 6 
Test Specimen Compressive Strength (MPa) Failure Mode Remark 
5GRFS-1 17.9 Mode 1  
5GRFS-2 14.5 Mode 3  
5GRFS-3 19.1 Mode 1  
5GRFS-4 15.4 Mode 3  
5GRFS-5 19.0 Mode 1  
5GRFS-6 12.9 Mode 2 Rejected 
Note: the compressive strength of 5GRFS-6 is 12.9MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis 
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(a) Front view of the failure of 5GRFS-1           (b) Front view of the failure of 5GRFS-3 
                
(c) Crack before failure for 5GRFS-4                        (d) Failure mode for 5GRFS-4 
               
(e) Failure mode for 5GRFS-6                               (f) Voids within grout for 5GRFS-6 
Figure 5.3 Failure modes for prism 5GRFS 
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5.2.2 PRISM SPECIMENS 4GRFS 
The compression load was applied concentrically on the four course high grouted prism. The 
mortar and grout with average compressive strength of 17.1MPa and 19.7MPa respectively were 
used to build these prisms. These prisms were built with face shell bedding and running bond 
mortar joint. The test results are summarised in Table 5.5 and the detailed test data is listed in 
Appendix C, Table C-2. The compressive strength for specimen four and six were not considered 
in this test due to premature failure and very low maximum compressive strength.  
Table 5.5 Compressive test results summary for specimen 4GRFS (first set) 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
4GRFS-1 13.9 
16.4 13.7 10.23% 
4GRFS-2 17.2 
4GRFS-3 17.1 
4GRFS-5 17.5 
 
The typical conical failure mode (mode 1) was observed in only two prisms which are prism 2 
and 5 (Figure 5.4(a) and Table 5.6). However, it was found for all other specimens the grout and 
block did not bond adequately. Although the web crack and face shell splitting was observed 
(Figure 5.4 (b)), grout did not fail along with the block for most of the specimens which states 
load transfer between block and grout was not sufficient. After failure, the grout core was still 
undamaged (Figure 5.4 (c)). Hence, these prisms behaved more like hollow prisms (Figure 
5.4(d)). Consequently, the data of this prism was not finally considered in this study and four 
course high grout prism test was repeated again. The failure mode was summarised in Table 5.6. 
The maximum compressive strength obtained from test cannot accurately reflect the strength of 
prisms with h/t of 4, due to early failure for most specimens in this test group. Hence, a 
complementary (repeated) set of test was carried out as a reference for four course high grouted 
prism. All the material properties were the same as used in this test. Test result of 
complementary (repeat) set is summarized in Table 5.7. Specimen two exhibited the lowest 
compressive strength (13.5MPa). This is because failure mode was two and hence, this strength 
data was rejected. The original test data is illustrated in Appendix C, Table C-3. 
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Table 5.6 Failure mode summarise for 4GRFS (first set) 
Test Specimen Compressive Strength (MPa) Failure Mode Remark 
4GRFB-1 13.9 Mode 3  
4GRFB-2 17.2 Mode 1  
4GRFB-3 17.1 Mode 3  
4GRFB-4 11.2 Mode 3 Rejected 
4GRFB-5 17.5 Mode 1   
4GRFB-6 10.6 Mode 2 rejected 
Note: the compressive strength of 4GRFS-4 and 6 are 11.2MPa and 10.6MPa, respectively which 
can seriously increase the C.O.V. for this prism type. Hence, they are not considered in the 
analysis in Table 5.5. 
 
Table 5.7 Compressive test results summary for specimen 4GRFS (repeat set) 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Ctrength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
4GRFS-1 15.4 
16.3 15.0 4.71% 
4GRFS-3 17.1 
4GRFS-4 16.1 
4GRFS-5 15.8 
4GRFS-6 17.1 
 
Table 5.8 Failure mode summarise for 4GRFS (repeat set) 
Test Specimen 
Compressive Strength 
(MPa) 
Failure Mode Remark 
4GRFS-1 15.4 Mode 1  
4GRFS-2 13.5 Mode 2 Rejected 
4GRFS-3 17.1 Mode 1  
4GRFS-4 16.1 Mode 1  
4GRFS-5 15.8 Mode 1  
4GRFS-6 17.1 Mode 1  
Note: the compressive strength of 4GRFS-2 is 13.5MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
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All prism specimens had a typical failure mode (see Figure 5.4 (e)) except the second specimen 
(Table 5.8 and Figure 5.4 (f)). The test result can sufficiently represent the compressive property 
of four course high prism. Consequently, the complementary (repeat) test results were utilized 
instead of the result of first set in the subsequent analysis. Figures 5.5 and 5.6 describe the test 
data in histogram and normal distribution, respectively. 
 
 
(a) Typical conical failure for 4GRFS-2  (b)   Web cracks for 4GRFS-4 
(c)  Undamaged grout core  (d)  Prism failed like hollow prism 
Figure 5.4 Failure mode for prism 4GRFS  
(e)  Typical conical failure for repeat set (f)  Failure mode for 4GRFS-2 (repeat set) 
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              Figure 5.5 Histogram for prism 4GRFS (repeat set) 
 
 
      Figure 5.6 Normal distribution for prism 4GRFS (repeat set) 
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5.2.3 PRISM SPECIMEN 3GRFS 
These prisms were constructed in the same manner as the 4GRFS and 5GRFS. The mortar 
strength used in these prisms had a 28
th
 day strength of 17.8MPa with a C.O.V. of 2.9% (Table 
4.6). The grout 28
th
 day strength was 21.9MPa with a C.O.V. of 3.9% (Table 4.17). The prism 
test result is presented in Table 5.9. Specimen one showed the lowest compressive strength 
because failure mode was three and hence, this specimen is rejected. The original test data is 
described in Appendix C, Table C-4. Figures 5.7 and 5.8 illustrate the test results in histogram 
and normal distribution, respectively. 
Table 5.9 Compressive test result summary for specimen 3GRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
3GRFS-2 21.0 
20.2 17.0 9.55% 
3GRFS-3 21.8 
3GRFS-4 16.8 
3GRFS-5 20.5 
3GRFS-6 20.6 
 
 
Figure 5.7 Histogram for prism 3GRFB  
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Figure 5.8 Normal distribution for prism 3GRFB 
These specimens failed with little or no warning. For specimens 3GRFS-2, 3, 5, and 6, face shell 
shed and grout crushed simultaneously resulting in typical conical shape failure (mode 1) of 
grout column (Figure 5.9 (a)). For specimens 3GRFS-1 and 4, a long crack was observed on the 
face shell before prism failed which indicates that the bond between block and grout was not 
adequate (Figure 5.9 (b)). As a result, the compressive strength for these two specimens was 
lower than the remaining four specimens. According to CSA S304.1 (2004a), five specimens are 
used for calculating the f’m value as long as the C.O.V. value for these prisms is less than 15%. 
In order to satisfy this requirement, 3GRFS-4 was still considered in this analysis. The failure 
modes are described in Table 5.10. 
Table 5.10 Failure mode summarise for 3GRFS 
Test Specimen Compressive Strength (MPa) Failure Mode Remark 
3GRFS-1 16.2 Mode 3 Rejected 
3GRFS-2 21.0 Mode 1   
3GRFS-3 21.8 Mode 1  
3GRFS-4 16.8 Mode 3  
3GRFS-5 20.5 Mode 1  
3GRFS-6 20.6 Mode 1  
Note: the compressive strength of 3GRFS-1 is 16.2MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
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5.2.4 PRISM SPECIMEN 2GSFS 
Prisms 2GSFS were constructed in the same manner as 3GRFS prisms were built. However, 
stack bond pattern instead running bong pattern was utilized. The specimens were fully grouted 
with fine grout. The average 28
th
 day compressive strength for grout was 18.5MPa with C.O.V. 
of 2.9% (Table 4.17). The average mortar 28
th
 day compressive strength was 15.7MPa with a 
C.O.V. of 2.2% (Table 4.9). Test results are illustrated in Table 5.11. Specimen 2GSFS-1 with 
highest compressive strength seriously increased the C.O.V. value. Hence, the test data 
(27.0MPa) of this prism was rejected in the following analysis. Figures 5.10 and 5.11 show the 
histogram and normal distribution of test result. The original test data is shown in Appendix C, 
Table C-5. 
Table 5.11 Compressive test result summary for specimen 2GSFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
2GSFS-2 23.5 
23.4 21.8 4.03% 
2GSFS-3 22.2 
2GSFS-4 23.2 
2GSFS-5 23.1 
2GSFS-6 24.8 
 
(a) Typical conical failure for 3GRFS-6                  (b)  Face shell crack before failure 
Figure 5.9 Failure mode for prism 3GRFB 
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Figure 5.10 Histogram for prism 2GSFS  
 
Figure 5.11 Normal distribution for prism 2GSFS  
The failure modes for all these prisms were same. All prisms exhibited a traditional conical 
failure mode which indicated the bonding between grout and block was good (Figures 5.12 (a) 
and (b)). Failure occurred suddenly and hence, no cracks found on the webs or on the face shells. 
The compressive strength for prism 2GSFS-1 (27.0MPa)) is much higher than others although 
the failure mode was same. The reason for this was unknown. Table 5.12 indicates the failure 
mode for prism specimens. 
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Table 5.12 Failure mode summaries for 2GSFS-1to 6 
Test Specimen Compressive Strength (MPa) Failure Mode Remark 
2GSFS-1 27.0 Mode 1 Rejected 
2GSFS-2 23.5 Mode 1  
2GSFS-3 22.2 Mode 1  
2GSFS-4 23.2 Mode 1  
2GSFS-5 23.1 Mode 1  
2GSFS-6 24.8 Mode 1  
Note: the compressive strength of 2GSFS-1 is 27.0MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
 
                             
(a) Bonding between block and grout                      (b) Conical failure mode for 2GSFS-2 
Figure 5.12 Failure mode for prism 2GSFS 
5.2.5 PRISM SPECIMEN 2GRFS 
Initially, two course high grouted prisms were built with stack bond (Figure 5.13 (a)). 
Subsequently, another identical set of six prisms were built with running bond (Figure 5.13 (b)) 
and tested same way. Then, compressive strength of these two prism sets was compared to study 
the effect of bond pattern on compressive strength of two course high grouted prisms. Grout and 
mortar used in this group had the same volume proportion as the other grouted prisms. Test 
results for prism with running bond are summarised in Table 5.13. Specimen 2GRFS-1 and 6 
largely increased the C.O.V. value. Hence, strength data (19.1MPa and 16.9MPa) of these two 
specimens are rejected from the analysis. The detailed test data is described in Appendix C 
(Table C-6). Figures 5.14 and 5.15 show the histogram and normal distribution for test result. 
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Table 5.13 Compressive test result summary for specimen 2GRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
2GRFS-2 22.7 
22.4 21.5 2.25% 
2GRFS-3 22.0 
2GRFS-4 22.9 
2GRFS-5 21.9 
 
 
 
Figure 5.14 Histogram for prism 2GRFS 
The failure mode of most prisms in both sets (2GRFS and 2GSFS) was the same. Typical conical 
failure mode was observed for specimens 2GRFS-2 to 5 (Figures 5.16 (a) and (b)). For these 
specimens, both block and grout crushed together when prism failed. For 2GRFS-1, the conical 
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(a) Stack bond pattern (b)  Running bond pattern 
Figure 5.13 Two course high prism with different bond pattern 
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shape was only found on the upper part of the prism. The grout on the lower part of the prism 
was undamaged (Figure 5.16 (c)). For specimen 2GRFS-6, block and grout crushed separately 
because of improper bonding between block and grout (Figure 5.16 (d)). Consequently, the 
maximum compressive strength of specimens 2GRFS-1 and 6 were lower than other four 
specimens. The failure mode for all six specimens are summarised in Table 5.14. 
  
Figure 5.15 Normal distribution for prism 2GRFS  
It is generally agreed that the influence of bond type on grouted prism compressive strength is 
negligible (Hegemier et al., 1978; Drysdale and Hamid, 1979). This study agrees with this. 
However, the conclusion on the test result in this study is limited to two course high prisms only. 
In order to obtain a persuasive conclusion more specimens with various other h/t ratios need to 
be tested.  
Table 5.14 Failure mode summarise for 2GRFS 
Test Specimen Compressive Strength (MPa) Failure Mode Remark 
2GRFS-1 19.1 Mode 3 Rejected 
2GRFS-2 22.7 Mode 1  
2GRFS-3 22.0 Mode 1  
2GRFS-4 22.9 Mode 1  
2GRFS-5 21.9 Mode 1  
2GRFS-6 16.9 Mode 2 Rejected 
Note: the compressive strength of 2GRFS-1 and 6 are 19.1MPa and 16.9MPa, respectively which 
can seriously increase the C.O.V. for this prism type. Hence, they are not considered in the 
analysis 
18 20 22 24 26
Compressive strength (MPa) 
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(a) Failure mode for 2GRFS-2                                           (b) Failure mode for 2GRFS-4 
                                 
(c) Undamaged grout core for 2GRFS-1                 (d) Grout and block crushed separately 
Figure 5.16 Failure mode for prism 2GRFS 
5.3 HOLLOW PRISM TEST RESULTS 
5.3.1 PRISM SPECIMENS 5HRFS 
Hollow prisms with h/t ratio of 5 were built with stretcher block and type S mortar. The strength 
of block units were the same as the unit used in grouted prism. Type S mortar mixed with the 
same volume proportion as grouted prism. The average 28
th
 day mortar compressive strength 
was 19.8MPa with C.O.V. of 3.0% (Table 4.8). Face shell bedding was used to build these 
prisms. The specified compressive strength was calculated based on net effective area which was 
the mortar bedding area in this prism type. To determine this area, one course was placed onto 
the other course and the overlaid area (shaded area) was then calculated and used (Figure 5.17). 
The net effective area calculated with the help of AUTOCAD and it was found to be 27585.8 
mm
2
. According to CSA S304.1 (2004a), the specified compressive strength is to be calculated 
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based on the test results of minimum five specimens with a C.O.V. less than 15%. Although six 
prisms were prepared, only five prisms which resulted in the lowest C.O.V. value were used 
(5HRFS-5 is rejected in the following analysis). The compressive test result is summarised in 
Table 5.15. All test results are provided in Appendix D, Table D-1. The test results are also 
described in histogram and normal distribution (Figures 5.18 and 5.19). 
 
Ae = 27585.8mm
2 
Figure 5.17 Net effective area for running bond face shell bedded prism 
Table 5.15 Compressive test result for specimen 5HRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
5HRFS-1 23.0 
21.4 18.0 9.69% 
5HRFS-2 24.1 
5HRFS-3 19.2 
5HRFS-4 20.2 
5HRFS-6 20.3 
Note: the compressive strength of 5HRFS-5 is 17.2MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
 
In hollow prism tests, only two failure modes were observed. The first failure mode is typical 
tensile splitting which was observed on hollow prism with h/t ratio of 3, 4, and 5. The second 
failure mode was observed on hollow prism with h/t ratio of 2 which is a combination of shear 
 
  
90 
 
conical mode and sliding. As a result, unlike grouted prism failure mode tables are not prepared 
for the hollow prisms. 
 
Figure 5.18 Histogram for prism 5HRFS 
 
Figure 5.19 Normal distribution for 5HRFS 
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The failure occurred mainly due to vertical cracks initiation and propagation in the web. 
Generally, vertical web crack was initially observed at around 300kN.  At this stage, small cracks 
were normally found on the webs of the block. The cracks were usually found near the mortar 
bed area in the mid-height of the prism (Figure 5.20 (a)). When load value reached 
approximately 450kN, visible and long vertical web cracks accompanied by a loud crack sound 
were observed and heard (Figure 5.20 (b)).  Then, vertical web crack propagated gradually to the 
entire height of the block unit (Figure 5.20 (c)). Due to development of long vertical web crack, 
the prism specimen finally failed along the crack path (Figure 5.20 (d)). This failure mode is the 
typical tensile splitting failure mode for hollow concrete masonry prism.  
For specimens 5HRFS-1 to 4, and 6, the vertical web crack pattern and failure mode were 
traditional and expected which is called typical tensile splitting failure. The web crack developed 
in 5HRFS-2 prematurely as compared to that of 5HRFS 3, 4, and 6.  The visible web cracks and 
crack sound was found at around 340kN for specimen 5HRFS-2 while for other specimen it was 
happened at about 500kN. Although the web crack for 5HRFS-2 developed earlier than other 
specimens, its failure load was higher than others.  
For specimen 5HRFS-5, the mortar bedding was damaged during placing the specimen under the 
loading machine. Then, the mortar bedding of bed joint between course 2 and 3 (from bottom) 
was repaired by graduate students (Figure 5.20 (e)). This may be the reason why the vertical web 
crack and the crack sound occurred earlier (at around 360kN) than other specimens (at about 
500kN). When failure occurred, the face shell of the block unit near the repaired mortar joint was 
conically damaged which is not expected to occur if prism mortar joint was not damage (Figure 
5.20 (f)). Consequently, the failure load for this specimen was much lower than others and hence, 
this test data was not considered in the calculation of specified compressive strength for this 
prism type. 
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(a) Initial web cracks near mortar joint                    (b)  Visualized vertical web cracks  
               
(c) Vertical web cracks before failure                    (d)  Web crack path after prism failure 
            
(e) Repaired mortar joint for 5HRFS-5                      (f)  Block unit conical failure  
Figure 5.20 Failure mode for prism 5HRFS 
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5.3.2 PRISM SPECIMENS 4HRFS 
The test method for four course high specimen was the same as that of prism with h/t of 5. Type 
S mortar with 28
th
 day strength of 22.1MPa and C.O.V. of 3.6% was used in these prisms (Table 
4.8). Prisms were built with running bond pattern and face shell bedding. The test results are 
summarised in Table 5.16. Specimen six exhibited the lowest compressive strength and this 
seriously increased the C.O.V. value. Hence, it was not used in the following analysis. All test 
data is illustrated in Appendix D, Table D-2. Moreover, the test result was also described in 
frequency histogram and normal distribution (Figures 5.21 and 5.22).  
Table 5.16 Compressive test results for specimen 4HRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
4HRFS-1 21.9 
22.5 19.8 7.49% 
4HRFS-2 21.3 
4HRFS-3 21.1 
4HRFS-4 25.2 
4HRFS-5 22.9 
Note: the compressive strength of 4HRFS-6 is 18.9MPa which can seriously increase the 
C.O.V. for this prism type. Hence, it is not considered in the analysis. 
 
Figure 5.21 Histogram for prism 4HRFS 
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Figure 5.22  Normal distribution for 4HRFS 
The typical splitting failure mode was observed for four course high hollow prism. The initial 
cracks were generally observed at around 300kN (Figure 5.23 (a)). When load increased over 
500kN, the vertical web crack propagated through the height of the block unit also face shell 
crack were found. However, the vertical web crack did not grow as wide as that of five course 
high prism (Figure 5.23 (b)).  
 
19 20 21 22 23 24 25 26
Compressive strength (MPa) 
(a) Initial web crack highlighted by red marker (b) Vertical web crack before failure 
Figure 5.23 Failure mode for prism 4HRFS 
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All prisms failed rapidly (in few seconds) once vertical web crack grew long. This may have 
happened because the end platen effect provided a lateral confinement for more four course high 
prism portion than that of five course high prism which can limit the crack development. The 
mortar joint for 4HRFS6 between the 1
st
 and 2
nd
 course from the bottom was damaged during 
placing the specimen under the loading machine. Hence, it was repaired by graduate students. As 
a result, the compressive strength for this specimen was much lower than others.  Consequently, 
4HRFS6 is not taken into consideration when analyzing this prism type. 
5.3.3 PRISM SPECIMENS 4HRFB 
In order to study the effect of mortar bedding on compressive strength of hollow prism another 
identical set of six prisms were built with full bedding and tested same way. The 28
th
 day mortar 
compressive strength was 21.8MPa with C.O.V. of 3.9%. The test results are listed in Table 5.17. 
The detailed test results are illustrated in Appendix D, Table D-3. Additionally, the test result is 
described in frequency histogram and normal distribution (Figures 5.24 and 5.25). 
Table 5.17 Compressive test results for specimen 4HRFB 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
4HRFB-1 23.8 
24.1 23.1 2.46% 
4HRFB-2 24.5 
4HRFB-4 23.8 
4HRFB-5 24.8 
4HRFB-6 23.4 
Note: the compressive strength of 4HRFB-3 is 25.4MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
 
Figure 5.26 describe the net effective area for full bedded prism. In figure 5.26, the shaded area 
is the net effective area for face shell bedded prism; the shaded area and solid area together is the 
net effective area for full bedded prism. However, the solid area does not take any load due to the 
overlap area between two blocks is only the shaded area. Hence, the net effective area for face 
shell bedded prisms is the same with those of prisms with full bedding (Figure 5.26). 
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Figure 5.24 Histogram for prism 4HRFB 
 
Figure 5.25  Normal distribution for 4HRFB 
It was found that the average compressive strength for prism with full bedding (24.1MPa) is 
larger than that of prism with face shell bedding (23.1MPa) and the difference is 5.8%. Moreover, 
the specified compressive strength for prism built with full bedding (23.1MPa) was much larger 
than that of prism built with face shell bedding (19.8MPa) and the difference is 14.3%. Equation 
(5.5) indicates that the C.O.V. value has negative effect on specified compressive strength. The 
C.O.V. for face shell bedded prisms was 7.49% which is tripled than that of full bedding prism 
(2.46%). The specified compressive strength of four course prisms with full bedding is 16.8% 
higher than prism of face shell bedding. Hence, large C.O.V. seriously reduced prism specified 
compressive strength for prisms with face shell bedding and it also amplified the strength 
difference between two mortar beddings.  
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Figure 5.26 Net effective area for full bedded prisms 
The failure mode for this prism type was typical splitting in the web which is same as prism with 
face shell bedding. The initial crack was generally observed just after 350kN which is 50kN 
higher than face shell bedded prism. Moreover, the vertical web crack started to propagate at 
higher compression load. Additionally, the failure mode and failure load values for this test 
group were more consistent than that of face shell bedded prism (Figure 5.27s (a) and (b)). 
Hence, the failure mode and test results of full bedded specimens were more reliable than those 
of face shell bedded prisms. A statistical analysis was undertaken to determine whether full 
bedding pattern can efficiently improve the prism compressive strength (Section 5.5.3). 
 
5.3.4 PRISM SPECIMENS 3HRFS 
The prism was constructed with the same manner as 5HRFS. The strength of mortar used in 
these specimens was 20.2MPa at 28
th
 day with C.O.V. of 4.6% (Table 4.8). The test results are 
(a) Vertical web crack right before failure (b) Prism after failure 
Figure 5.27 Failure mode for prism 4HRFB 
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summarised in Table 5.18. Complete test data is presented in Appendix D, Table D-4. The 
compressive strength for 3HRFS-5 seriously increased the C.O.V. value. Hence, it is rejected. 
Figures 5.28 and 5.29 provide the frequency histogram and test result normal distribution.  
Table 5.18 Compressive test results for specimen 3HRFS 
Test 
Specimen 
Compressive Strength 
(MPa) 
Average Compressive 
Strength (MPa) 
f’m 
(MPa) 
C.O.V 
(%) 
3HRFS-1 25.5 
25.1 24.3 1.95% 
3HRFS-2 24.7 
3HRFS-3 25.8 
3HRFS-4 24.7 
3HRFS-6 25.0 
Note: the compressive strength of 3HRFS-5 is 19.9MPa which can seriously increase the C.O.V. 
for this prism type. Hence, it is not considered in the analysis. 
 
 
Figure 5.28 Histogram for prism 3HRFS 
 
Figure 5.29 Normal distribution for 3HRFS 
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Although typical tensile splitting failure was observed in this prism type the failure mode for 
these prisms were found to be slightly different from prism with h/t ratio of 4 or 5. The long 
vertical web crack accompanied with crack sound was normally occurred suddenly at 
approximately 250kN (Figure 5.30 (a)). The web crack did not obviously propagate with the load 
increase. The final failure for most specimens happened rapidly and also violently. The failure 
occurred due to a combination of web cracking and face shell shed (Figure 5.30 (b)). For 
specimens 1, 2, 3, and 6, the above mentioned failure mode was observed. For specimen 3HRFS-
4, the vertical web crack gradually formed instead of suddenly appeared. This specimen was 
failed along the web crack path (Figure 5.30 (c)). For specimen 3HRFS-5, long vertical web 
crack was found at around 260kN. Then, the crack kept growing and induced the final failure. 
The failure mode for this specimen was more like a four course high prism. The compressive 
strength for this specimen was therefore much lower to accept when analysing this prism test 
data. Hence, the test data is rejected 
.  
(a) Web crack highlight by red marker (b) Prism failure mode 
(c) Failure mode for 3HRFS-4 
Figure 5.30 Failure mode for prism 3HRFS 
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Table 5.19 Compressive test results for specimen 2HRFS 
Test 
Specimen 
Load 
(kN) 
Compressive 
Strength (MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
2HRFS-1 799.8 29.0 
27.8 24.8 6.61% 
2HRFS-2 728.6 26.4 
2HRFS-4 751.0 27.2 
2HRFS-5 835.1 30.3 
2HRFS-6 714.0 25.9 
Note: the compressive strength of 2HRFS-3 is 20.3MPa which can seriously increase the 
C.O.V. for this prism type. Hence, it is not considered in the analysis. 
5.3.5 PRISM SPECIMENS 2HRFS 
Prisms 2HRFS were built and tested in same manner as 5HRFS prisms. The 28
th
 day mortar 
strength was 21.3MPa with a C.O.V. of 4.1% (Table 4.8). Running bond with face shell bedding 
was used to build the prism. The summary of test results is shown in Table 5.19. Table D-5 in 
Appendix D records all the test data. The test results are also described in frequency histogram 
(Figure 5.31) and normal distribution (Figure 5.32). Specimen three causes large increase in the 
C.O.V. value of this prism set and hence, it is not considered in the analysis (Table 5.19). 
 
Figure 5.31 Histogram for prism 2HRFS 
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Figure 5.32 Normal distribution for 2HRFS 
This prism type failed in a different manner as compared to prism of higher h/t ratio (h/t ≥ 3). 
According to Hamid and Chukwunenye (1986), the mid-height (mortar joint between top and 
bottom block unit) of the prism with h/t ratio of 2 is subjected to compression stress, while for 
prism with h/t ratio of 3 or more experience tension.  Also, the lateral confinement provided by 
the top and bottom capping plates increase the compressive strength and change the failure mode 
from typical tensile splitting to shear (sliding) mode. The final failure mode for this prism group 
was a combination of shear conical mode and sliding (Figure 5.33 (a)). The vertical web crack 
initially occurred at about 350kN with no crack sound being heard (Figure 5.33 (b)). However, 
unlike prisms with higher h/t values, the vertical web crack did not grow much and the prism 
experienced sliding at the mortar bed joint (Figure 5.33 (c)). Moreover, when failure occurred, 
the face shell was observed to be shed for most specimens. The failure happened suddenly and 
violently in the above mention mode without any warning. For specimen 2HRFS-3 only face 
shell shed occurred after failure which was different from other five specimens (Figure 5.33 (d)). 
The compressive strength for this specimen was also much lower (20.3MPa) than others. Hence, 
2HRFS-3 was not considered when calculating the specified compressive strength. 
23 25 27 29 31
Compressive strenght (MPa) 
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5.3.6 PRISM SPECIMENS 2HSFS 
Another identical set of six prisms with h/t of 2 were built. However, stack bond was used to 
evaluate the effect of bond type on two course high hollow prism compressive strength. Since 
bond type changed, the net effective area for prism with running bond pattern was different from 
prism with stack bond pattern. The shaded area in Figure 5.34 represents the net effective area 
(mortar bedding area) for hollow prism built with stack bond pattern. The shaded area in Figure 
5.17 represents the net effective area for running bond hollow prisms. These areas are 
24513.5mm² and 27585.8mm² for stack bond and running bond prisms, respectively (see Figures 
5.33 and 5.17). Hence, the net effective area for stack bond prism is 11.1% less than that of 
running bond prisms. It is not possible to determine how much mortar from face shell spilled 
over to the webs. Therefore, to be conservative, only face shell mortar bedded area is considered. 
The 28
th
 day mortar strength was 20.4MPa with a C.O.V. of 4.2% (Table 4.8). The test results 
are summarised in Table 5.20. The test results for specimen one and two has a serious influence 
on C.O.V. value, hence, they are not used in the following analysis. The original test data is 
(a) Shear mode failure with block sliding (b) Initial vertical web crack 
(c) Slide between top and bottom block (d) Failure mode for  2HRFS-3 
 
Figure 5.33 Failure mode for prism 2HRFS 
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presented in Appendix D, Table D-6. The test data is also described in frequency histogram and 
normal distribution (Figures 5.35 and 5.36).  
 
Figure 5.34 Net effective area for stack bond face shell bedded prism 
Comparing the test results of two bond types, the average compressive strength (fav) and for 
prism with stack bond (28.6MPa) was found to be 2.8% higher than that of prism with running 
bond (27.8MPa). Also, the coefficient of variation for stack pattern prism (13.45%) was much 
larger than running bond prism (6.61%). However, the increase in f’m in stack bonded prism 
(22.3MPa) was found to be 10.1% lower than that of running bond prisms (24.8MPa). This 
reverse trend in two strength (fav vs. f’m) is due to the fact that C.O.V. of stack bond prisms is 
much higher (13.45%) than that of running bonded prism (6.61%). 
Table 5.20 Compressive test results for specimen 2HSFS 
Test 
Specimen 
Load 
(kN) 
Compressive 
Strength (MPa) 
Average Compressive 
Strength (MPa) 
f’m (MPa) 
C.O.V 
(%) 
2HSFS-3 624.5 25.5 
28.6 22.3 13.45% 
2HSFS-4 780.3 31.8 
2HSFS-5 784.0 32.0 
2HSFS-6 613.7 25.0 
Note: the compressive strength of 2HSFS-1 and 2 are 40.1MPa and 22.8MPa, respectively which 
can seriously increase the C.O.V. for this prism type. Hence, they are not considered in the 
analysis 
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Figure 5.35 Histogram for prism 2HSFS 
 
Figure 5.36 Normal distribution for 2HSFS 
Though strength of stack bonded prisms was found to be higher than running bond prisms, the 
failure loads were not much different. When failure happened both shear and sliding between the 
two courses was observed (Figures 5.37 (a) and (b)). Hence, it is not obvious to conclude if bond 
type can improve the prism strength efficiently. Therefore, statistical analysis was utilised 
(Section 5.5.2) to further explore the effect of bond type on two course high hollow prism 
compressive strength.  
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5.3.7 ONE SAMPLE T-TEST 
One sample t-test was used to verify if the compressive strength for individual specimen can 
sufficiently represent the general compressive strength for one set (grouted or hollow prism set) 
of prisms. The one sample t-test evaluation method was discussed in Chapter 4. For each prism 
type, a realistic value of compressive strength was set (assumed value). The value of strength 
was chosen based on the average compressive strength for each prism type (Tables 5.21 and 
5.22).  
Table 5.21 Assumed compressive strength for grouted prisms 
Prism type 
Average prism compressive strength 
(MPa) 
Assumed prism compressive 
strength (MPa) 
5GRFS           
   (1, 2, 3, 4, 5) 
17.2 17.0 
4GRFS                 
(1, 3, 4, 5, 6) 
16.3 16.0 
3GRFS 
(2, 3, 4, 5, 6) 
20.2 20.0 
2GSFS 
(2, 3, 4, 5, 6) 
23.4 23.0 
Note: Only prisms those were used to calculate specified compressive strength are considered 
here as well. 
 
(a) Sliding between block units (b)  Shear mode failure with sliding 
 Figure 5.37 Failure mode for prism 2HSFS 
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Table 5.22 Assumed compressive strength for hollow prism types 
Prism type 
Average Compressive Strength 
(MPa) 
Assumed Compressive Strength (MPa) 
5HRFS 
(1, 2, 3, 4, 6) 
21.4 21.0 
4HRFS 
(1, 2, 3, 4, 5) 
22.5 22.0 
3HRFS 
(1, 2, 3, 4, 6) 
25.1 25.0 
2HRFS 
(1, 2, 4, 5, 6) 
27.8 28 
2HSFS 
(3, 4, 5, 6) 
28.6 29 
4HRFB 
(1, 2, 4, 5, 6) 
24.1 24.0 
Note: Only prisms those were used to calculate specified compressive strength are only 
considered here. 
After comparing tested result with the assumed compressive strength for both grouted and 
hollow prisms, it was found that the calculated t-value was less than critical t value for all prism 
types. The p-values were larger than 0.05 (Tables 5.23 and 5.24). Consequently, the null 
hypothesis was accepted which indicated that the tested prism specimens’ compressive strengths 
for individual prism can statistically represent the general strength of that particular prism set and 
this was found to be true for all prism types. Hence, the assumed values of prism compressive 
strength are statistically acceptable with confidence level of 95%. 
Table 5.23 One sample t-test result for grouted prisms 
Prism Type  DF t t critical p  LS H0 H1 
5GRFS 
(1, 2, 3, 4, 5) 
4 0.19 2.78 0.86 0.05 Accept Reject 
4GRFS 
 (1, 3, 4, 5, 6) 
4 0.84 2.78 0.45 0.05 Accept Reject 
3GRFS 
(2, 3, 4, 5, 6) 
4 0.19 2.78 0.86 0.05 Accept Reject 
2GSFS 
(2, 3, 4, 5, 6) 
4 0.88 2.78 0.44 0.05 Accept Reject 
Note: Only prisms those were used to calculate specified compressive strength are considered. 
DF represents degree of freedom. 
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Table 5.24 One sample t-test result for hollow prisms 
Prism Type  DF t t critical p LS H0 H1 
5HRFS 
(1, 2, 3, 4, 6) 
4 0.40 2.78 0.71 0.05 Accept Reject 
4HRFS 
(1, 2, 3, 4, 5) 
4 0.68 2.78 0.53 0.05 Accept Reject 
4HRFB 
(1, 2, 4, 5, 6) 
4 0.24 2.78 0.82 0.05 Accept Reject 
3HRFS 
(1, 2, 3, 4, 6) 
4 0.49 2.78 0.65 0.05 Accept Reject 
2HRFS 
(1, 2, 4, 5, 6) 
4 -0.30 2.78 0.78 0.05 Accept Reject 
2HSFS 
(3, 4, 5, 6) 
3 -0.22 3.18 0.84 0.05 Accept Reject 
Note: Only prisms those were used to calculate specified compressive strength are only 
considered. DF represents degree of freedom. 
5.4 STRESS-STRAIN BEHAVIOR 
The modulus of elasticity was calculated based on the stress-strain data. Stress was calculated 
from the load and strain was calculated based on displacement of prism. Displacement data were 
acquired from four linear potentiometers (Figures 3.14 and 3.15) and load data was collected 
using a load cell (Figure 3.16).  
5.4.1 GROUT PRISM STRESS-STRAIN BEHAVIOR 
In this study, the displacement was acquired from zero to approximately half of the maximum 
compressive load applied. Then the potentiometers (pot) were removed to avoid any damage. 
Then the strain was determined from the average value of four displacements data obtained from 
four linear potentiometers (pots). The stress-strain curves were not always perfectly linear. A 
typical stress-strain curve for grouted prism is shown in Figure 5.38. The stress-strain curves and 
related test data for grouted prisms are illustrated in Appendix E. 
The modulus of elasticity (Em) is calculated using two approaches. As indicated before in the 
first approach, the slope of the line of best fit of all test data in between 5% and 33% of the 
compressive strength for stress-strain curve is calculated as Em (Figure 5.39). It was defined as 
graphical method. The R² value was also provided to evaluate the fitness of the line to all test 
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data. As R² value approaches to unit value the better is the line fitting with all the test results. 
The second approach was defined as mathematical method (secant modulus value) which is 
represented by Equation 5.6. A summary of Em values obtained from the test data are shown in 
Table 5.25.  
    
Figure 5.38 Stress-strain curve for prism 2GSFS-1 
Table 5.25 Modulus of elasticity for all grouted prism 
Test 
specimen 
Em calculated from 
graphical method (GPa) 
Em value calculated from 
mathematical method (GPa) 
Average Em 
value (GPa) 
C.O.V. 
5GRFS-1 3.7 3.4 
16 47.60% 
5GRFS-2 14.1 15.4 
5GRFS-3 22.3 22.2 
5GRFS-4 20.8 25.6 
5GRFS-5 23.3 23.4 
5GRFS-6 11.7 11.7 
4GRFS-1 N/A N/A 
17.9 19.30% 
4GRFS-2 14.6 14.3 
4GRFS-3 18 18.8 
4GRFS-4 17.2 18.2 
4GRFS-5 16 17.5 
4GRFS-6 23.6 23.7 
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Test 
specimen 
Em calculated from 
graphical method (GPa) 
Em value calculated from 
mathematical method (GPa) 
Average Em 
value (GPa) 
C.O.V. 
4GRFS-1 
(repeat) 
11.1 10.4 
15.1 23.00% 
4GRFS-2 
(repeat) 
18 17.6 
4GRFS-3 
(repeat) 
16.5 16.6 
4GRFS-4 
(repeat) 
19.1 17.3 
4GRFS-5 
(repeat) 
15 14.5 
4GRFS-6 
(repeat) 
11 11.1 
3GRFS-1 28.9 33.7 
17.8 37.90% 
3GRFS-2 21.1 20.5 
3GRFS-3 18 24 
3GRFS-4 9.7 9.6 
3GRFS-5 17 25.8 
3GRFS-6 12.4 12.6 
2GSFS-1 20.8 19.3 
21.6 14.90% 
2GSFS-2 N/A N/A 
2GSFS-3 25.9 39.1 
2GSFS-4 18.2 18.2 
2GSFS-5 19.1 20.7 
2GSFS-6 23.9 24.7 
2GRFS-1 18.3 18.6 
15.7 26.10% 
2GRFS-2 17.4 17.2 
2GRFS-3 11.9 13 
2GRFS-4 17.5 18.3 
2GRFS-5 19.7 23 
2GRFS-6 9.3 10 
 
Modulus of elasticity (Em) is linearly related to specified compressive strength (f’m) as 
recommended by various standards. In CSA S304.1 (2004a), Equation 5.18 is recommended and  
the maximum Em value cannot exceed 20GPa. ASTM 530.1 (2008) recommends Equation 5.19, 
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Eurocode 6 (2001) uses Equation 5.20, and Australian standards AS 3700 (2011) recommends 
Equation 5.21 to calculate the Em value. 
         
                                                                                                                (5.18) 
         
                                                                                                                         (5.19) 
                                                                                                                                 (5.20) 
         
                                                                                                                          (5.21) 
Here,   
  in Equations 5.18, 5.19, and 5.21 are the specified compressive strength of masonry. 
However, the calculation methods for   
  in these three equations are different. 
   is the characteristic compressive strength. This is different from   
 . 
 
 
Figure 5.39 Em value for 2GSFS-1 
Different standards/codes define different empirical relationships for calculating the “specified 
compressive strength”. In order to make the modulus of elasticity obtained from different 
codes/standards comparable, the   
  and fk value showed in different equations (Equations 5.18 to 
5.21) were all calculated by recommendations provides by CSA S304.1 (2004). The Em value 
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was obtained from the average modulus of elasticity of the prisms used to calculate the specified 
compressive strength.  
 
The tested and calculated modulus of elasticity values are compared in Table 5.26. The Em value 
provided by Eurocode 6 (2001) shows the best fit with the tested data. However, the C.O.V. of 
each Em value is very large which indicates that the Em values obtained from the tests are not 
acceptable. The reason may be due to the fact that the linear potentiometers used in this study did 
not function properly. 
Table 5.26 Tested and calculated Em value Comparison 
Prism type 
Tested 
Em 
(GPa) 
CSA 
calculated Em 
(GPa) 
ASTM 
calculated Em 
(GPa) 
Eurocode 6 
calculated Em 
(GPa) 
AS3700 
calculated Em 
(GPa) 
5GRFS 
 (1, 2, 3, 4, and 5) 
16.9 11.6 12.3 13.7 10.3 
4GRFS             
 (2, 3, and 5) 
16.2 11.6 12.3 13.7 10.3 
4GRFS (repeat)    
(1, 3, 4, 5, and 6) 
14.5 12.8 13.5 15.0 11.3 
3GRFS            
 (2, 3, 4, 5, and 6) 
15.6 14.5 15.3 17.0 12.8 
2GSFS               
 (2, 3, 4, 5, and 6) 
21.8 18.5 19.6 21.8 16.4 
2GRFS            
  (2, 3, 4, and 5) 
16.6 18.3 19.4 21.5 16.1 
Note: The tested Em value was obtained by graphical method. 
The designated specimens used to calculate tested Em value was specified above. 
 
5.4.2 HOLLOW PRISM STRAIN-STRESS BEHAVIOR 
The stress-strain curves for hollow prisms were obtained same way as grouted prisms. For all 
grouted prisms the displacement data was acquired from zero to half the maximum compressive 
load which was higher than 500kN. For hollow prisms the linear potentiometers only recorded 
the displacement from 0kN to around 300kN. Hence, the stress-strain data for hollow prisms 
were much less than that of grouted prisms. Moreover, the hollow prisms are less stiffer and 
hence, the change in displacement due to application of load was higher in hollow prism as 
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compare to grouted prism. Consequently, the stress-strain curve for hollow prism has less data 
points and the interval between two data points is larger than that of grouted prism.  
A typical stress-strain curve for hollow prisms is shown in Figure 5.40. The stress-strain curves 
for all hollow prisms are exhibited in Appendix F. The modulus of elasticity was calculated with 
the same method as used for grouted prisms (Figure 5.41). The Em values are summarised in 
Table 5.27. 
 
Figure 5.40 Stress-strain curve for prism 5HRFS-3 
 
Figure 5.41 Em value for 5HRFS-3 
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Table 5.27 Modulus of elasticity for all hollow prisms 
Test 
specimen 
Em calculated from 
graphical method 
(GPa) 
Em value calculated from 
mathematical method (GPa) 
Average 
value (GPa) 
C.O.V. 
5HRFS1 16.9 18.4 
14.3 22.70% 
5HRFS2 17.8 18.7 
5HRFS3 15.2 14.4 
5HRFS4 15.3 15.4 
5HRFS5 10.1 12.2 
5HRFS6 10.6 12.9 
4HRFS1 16.7 16.1 
17.7 14.80% 
4HRFS2 18.4 18.4 
4HRFS3 15.6 15.9 
4HRFS4 22.3 21.8 
4HRFS5 18.1 18 
4HRFS6 15 14.5 
4HRFB1 18.1 16.4 
19.6 15.60% 
4HRFB2 16.6 15.7 
4HRFB3 22.5 22.3 
4HRFB4 22.7 18.3 
4HRFB5 21.5 19.9 
4HRFB6 15.9 15.7 
3HRFS1 12.9 13.3 
12.6 15.70% 
3HRFS2 15.9 16.1 
3HRFS3 12.3 16 
3HRFS4 11.8 11 
3HRFS5 9.835 10.119 
3HRFS6 12.8 13.5 
2HRFS1 14.3 15 
15.9 14.00% 
2HRFS2 13.8 13.7 
2HRFS3 14.7 14.6 
2HRFS4 NA NA 
2HRFS5 18.8 17.9 
2HRFS6 17.7 16.2 
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Test 
specimen 
Em calculated from 
graphical method 
(GPa) 
Em value calculated from 
mathematical method (GPa) 
Average 
value (GPa) 
C.O.V. 
2HSFB1 29.2 28.7 
16.1 48.90% 
2HSFB2 NA NA 
2HSFB3 8.7 10 
2HSFB4 14.7 14 
2HSFB5 16.4 13.1 
2HSFB6 11.6 11.3 
 
As previously mentioned, the modulus of elasticity can be calculated by equations recommended 
in various standards. In Table 5.28, the Em values obtained are compared with the calculated Em 
values. None of the standards/codes is found to fit well with the test values. However, the C.O.V. 
for each Em value was large and hence, they are not acceptable. 
Table 5.28 Tested and calculated Em value Comparison 
Prism 
Tested 
Em 
(Gpa) 
CSA 
calculated 
Em (Gpa) 
ASTM 
calculated Em 
(GPa) 
Eurocode 6 
calculated Em 
(GPa) 
AS3700 
calculated Em 
(GPa) 
5HRFS 
(1, 2, 3, 4, and 6) 
15.2  15.3  16.2  18.0  13.5  
4HRFS 
(1, 2, 3, 4, and 5) 
18.2  16.8  17.8  19.8  14.8  
4HRFB 
 (1, 2, 4, 5, and 6) 
19.0  19.6  20.8  23.1  17.3  
3HRFS 
(1, 2, 3, 4, and 6) 
13.1  20.7  21.9  24.3  18.2  
2HRFS 
 (1, 2, 5, and 6) 
16.2  21.0  22.3  24.8  18.6  
2HSFS 
 (3, 4, 5, and 6) 
12.9  18.9  20.1  22.3  16.7  
Note: The tested Em value was obtained by graphical method 
          The designated specimens used to calculate tested Em value was specified above. 
 
5.5 STATISTICAL ANALYSIS AND DISCUSSION 
All grouted and also hollow prisms were constructed and cured in the same condition. The 
variations in compressive strength among block units are statistically insignificant as discussed 
in Chapter 4. Fine grout was used and all grout batches were mixed by same volume proportions. 
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Variations in the grout compressive strength among batches were statistically insignificant as 
well. Type S mortar with the same volume proportion was used for all batches. Again, from t-test 
result discussed in Chapter 4, it was found that the strength of individual mortar batch represents 
the general mortar strength for the volume proportions used. Prisms were all built, cured, and 
tested same way. However, three parameters namely, h/t ratio, bond layout type, and mortar 
bedding type were varied in constructing the prisms. 
 Four height-to-thickness ratios were used to build these prisms (h/t = 2, 3, 4, and 5), two bond 
layout types were used in 2 course high grouted and hollow prism specimens (running bond and 
stack bond), and two mortar beddings (face shell bedding and full bedding) were used in four 
course high hollow prisms. Hence, these three parameters may influence the compressive 
strength of prisms. Since four different h/t ratios were chosen, one way ANOVA test was utilized 
to evaluate the statistical relationship between four h/t ratios and prism compressive strength. 
Since only two bond patterns were used, independent sample t-test was conducted to investigate 
the statistical relationship between prism compressive strengths of the two bond types. For the 
same reason, independent sample t-test was used to study the significance of strength difference 
between two mortar bedding types.  
5.5.1 EFFECT OF HEIGHT-TO-THICKNESS RATIO 
The prism test results indicate that the compressive strength for prism changes with the change in 
height-to-thickness ratio. One way ANOVA test was used to statistically evaluate if the h/t ratio 
has an influence on prism compressive strength. For this ANOVA test, the confidence level was 
set to 0.95 which is consider as very accurate in civil engineering applications. If null hypothesis 
is accepted the compressive strength for prisms with different h/t ratios will be all same 
(               ). However, if alternative hypothesis is accepted, the compressive 
strength for prisms with different h/t ratios would not be all same. Commercially available 
statistical analysis software named SAS (Statistical Analysis System) was used to undertaken 
one way ANOVA test. The grouted prism test results are listed in Tables 5.29 and 5.30. The 
hollow prism test results are in Tables 5.31 and 5.32. The terminologies in these tables are 
explained in Table 5.1. 
 
 
  
116 
 
Table 5.29 One way ANOVA test results for grouted prisms 
Dependent Variable: Prism 
compressive strength 
Source 
Pr>F Degree of 
freedom 
Sum of 
Squares 
Mean 
Square 
F 
Value 
Factor 3 153.38 51.12 21.10 <0.0001 
Residual 16 38.77 2.42 
  
Total 19 192.13 
   
` 
Table 5.30 One way ANOVA test linear property evaluation for grouted prisms 
R-Square Coefficient of variation Root MSE Ave. Prism strength 
0.8 8.08 1.56 19.25 
 
Table 5.31 One way ANOVA test results for hollow prisms 
Dependent Variable: Prism 
compressive strength 
Source 
Pr>F Degree of 
freedom 
Sum of 
Squares 
Mean 
Square 
F 
Value 
Factor 3 121.54 40.51 15.09 <0.0001 
Residual 16 42.94 2.68     
Total 19 164.48       
 
Table 5.32 One way ANOVA test linear property evaluation for hollow prisms 
R-Square Coefficient of variation Root MSE Ave. Prism strength 
0.74 6.77 1.64 24.19 
 
For grouted prisms, the calculated F-value (21.24) is larger than F critical value (6.39) and the 
related probability was less than 0.001. F critical value obtained from Table A-2 in appendix A. 
Moreover, the fitness of line to test data evaluation parameter was 0.8 (R
2 
= 0.8). Consequently, 
alternative hypothesis was accepted. Hence, this study found that the effect of height-to-
thickness ratio on grouted prism compressive strength is statistically significant. For hollow 
prisms, fitness of line to test data evaluation parameter R
2 
is 0.74. Hence, the prism test results 
fitted well with this statistical model. The calculated probability was less than 0.0001 which 
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represents the alternative hypothesis was accepted. Consequently, the influence of height-to-
thickness on hollow prism compressive strength was also statistically significant.  
Table 5.33 Grouted prism test result summary 
Prism 
type 
Test 
Specimen 
Prism 
Compressive 
Stress (MPa) 
fav (MPa) 
f'm 
(MPa) 
C.O.V 
(%) 
5GRFS 
1 17.9 
17.2 13.7 12.36% 
2 14.5 
3 19.1 
4 15.4 
5 19.0 
4GRFS 
1 15.4 
16.3 15.0 4.71% 
3 17.1 
4 16.1 
5 15.8 
6 17.1 
3GRFS  
2 21.0 
20.2 17.0 9.55% 
3 21.8 
4 16.8 
5 20.5 
6 20.6 
2GSFS  
2 23.5 
23.4 21.8 4.03% 
3 22.2 
4 23.2 
5 23.1 
6 24.8 
 
Based on previous studies the specified compressive strength for grouted prism is expected to 
decrease with the increase of height-to-thickness ratio (Maurenbrecher, 1980; Hamid et al., 1985; 
Wong and Drysdale, 1985; Hamid and Chukwunenye, 1986; Fahmya and Ghoneim, 1995). The 
current study on grouted prism built with four different h/t ratios agrees well with this 
observation. The specified compressive strength (f’m) increased from 13.7MPa for five course 
high prism to 21.8MPa for two course high prism (Figure 5.42 and Table 5.33). However, the 
same trend did not maintain if average compressive strength is used. The average compressive 
strength for four course high prism (16.3MPa) was lower than that of five course high prism 
(17.2MPa) (Figure 5.42 and Tables 5.33). This happened because the difference in coefficient of 
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variation (C.O.V.) between five course high prism (12.36%) and four course high prism (4.71%) 
is large (see Tables 5.3 and 5.7). Larger coefficient of variation has a negative effect on specified 
compressive strength (see Equation 5.5). Consequently, although the average compressive 
strength for five course high prism is slightly larger than that of four course high prism, the trend 
is reversed for specified compressive strength. Prism compressive strength for all h/t ratios are 
illustrated in Figure 5.43 and Table 5.33. 
 
Figure 5.42 Relationship between grouted prism strength and h/t ratio  
 
Figure 5.43 Compressive strength for all grout prisms 
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For hollow prisms, both average and specified compressive strength were found to decrease with 
the increase of h/t ratio. The specified compressive strength decreased from 24.8MPa for two 
course high prism to 18.0MPa for five course high prism (Table 5.34). Hence the reduction is 
27.4%. The same decreasing trend was also observed on average compressive strength (Figure 
5.44 and Table 5.34).  
Table 5.34 Hollow prism test result summary 
Prism 
type 
Test 
Specimen 
Prism 
Compressive 
Stress (MPa) 
fav (MPa) 
f'm 
(MPa) 
C.O.V 
(%) 
5HRFS 
1 23.0 
21.4 18.0 9.69% 
2 24.1 
3 19.2 
4 20.2 
6 20.3 
4HRFS 
1 21.9 
22.5 19.8 7.49% 
2 21.3 
3 21.1 
4 25.2 
5 22.9 
3HRFS  
1 25.5 
25.1 24.3 1.95% 
2 24.7 
3 25.8 
4 24.7 
6 25.0 
2HSFS  
1 29.0 
27.8 24.8 6.61% 
2 26.4 
4 27.2 
5 30.3 
6 25.9 
 
The change in average compressive strength is 23.0% (from 27.8MPa to 21.4MPa). According to 
CSA S304.1 (2004a), the specified compressive strength of hollow prisms does not change with 
the h/t ratio. Also, two previous studies concluded that the specified compressive strength for 
hollow prisms was not influenced or only slightly influenced by the h/t ratio (Wong and 
Drysdale,1985; and Hamid et al.,1985). However, this conclusion does not agree with the 
observation of the current study. Moreover, other previous studies obtained the same conclusion 
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as found in this study (Boult, 1979; Fahmy and Ghoneim, 1995; and Khalaf, 1996). The prism 
compressive strength is expected to increase due to confinement provided by the end plates and 
reduction in slenderness ratio in shorter prism. Hence, the compressive strength for shorter prism 
is higher than that of taller prisms. Therefore, the conclusion obtained by Wong and Drysdale 
(1985) and Hemid et al. (1985) may not justify the the effect of h/t ratio on hollow prism 
compressive strength. The change of prism compressive strength with different h/t ratio in this 
study is shown in Figure 5.45 and Table 5.34.  
As can be seen from Figures 5.42 to 5.45, the specified prism compressive strength (f’m) of 
hollow prism decreased with the increase of h/t ratio. In several standards this effect is 
numerically described by a correction factor called height-to-thickness ratio correction factor. In 
this study the correction factors were also calculated using the test data. In order to make a 
comparison between correction factors recommended in the Canadian standards (CSA S304.1, 
2004a) and those obtained from the test results, strength of five course high prism was set as 
reference (the correction factor for five course high prism was set as one). Tables 5.35 and 5.36 
list the correction factors obtained from the test results of this study and those recommended by 
CSA S304.1 (2004a). 
 
Figure 5.44 Relationship between hollow prism strength and h/t ratio 
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Figure 5.45 Compressive strength for all hollow prisms 
The specified compressive strength from CSA was calculated using the correction factors 
provided in Table D.1 of the standard and the f’m of five course high prism provide in Table 4 of 
the standard (unit strength method). For example, in Table 5.35, the f’m value for 5 course high 
prism is 12.5MPa obtained from Table 4 of CSA S3401. (2004a) for block unit strength of 
28MPa. The specified compressive strength (f’m) of 4 course high prism was obtained as 
12.5/0.95 (13.2MPa). Tables 5.35 shows the specified compressive strength comparison between 
tested and CSA value for grouted prisms with h/t ratio of 2, 3, 4, and 5. From Table 5.35 f’m 
values recommended by CSA S304.1 (2004a) are more conservative than that obtained from the 
tests (Figure 5.46). Table 5.35 also shows that the correction factors recommended by CSA was 
larger than those obtained in this study which indicates that the correction factors for CSA 
S304.1 (2004a) are unconservative (Figure 5.47). 
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Table 5.35 Grouted prism correction factors comparison 
h/t ratio 
Grout prism test groups 
Specified compressive strength (f’m) Correction factor 
Test CSA (Assumed) CSA Test 
Strength (MPa) C.O.V Strength (MPa) Table D.1   
2 21.8 4.03% 15.7 0.80 0.63 
3 17.0 9.55% 13.9 0.90 0.81 
4 15.0 4.71% 13.2 0.95 0.91 
5 13.7 12.36% 12.5 1.00 1.00 
Note: f’m for five course high grouted prism from CSA S304.1 (2004a) is calculated using unit 
strength method for f’b of 28MPa. 
Table 5.36 Hollow prism correction factors comparison 
h/t ratio 
Hollow prism test groups 
Specified compressive strength (f’m) Correction factor 
Test CSA (Assumed) CSA Test 
Strength (MPa) C.O.V Strength (MPa) Table D.1   
2 24.8 6.61% 16.2 1.00 0.73 
3 24.3 1.95% 16.2 1.00 0.74 
4 19.8 7.49% 16.2 1.00 0.91 
5 18.0 9.69% 16.2 1.00 1.00 
Note: f’m for five course high hollow prism from CSA S304.1 (2004a) is calculated using unit 
strength method for f’b of 28MPa. 
 
Figure 5.46 Grouted prism specified compressive strengths comparison 
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Figure 5.47 Grouted prism correction factors comparison 
For hollow prism, the specified compressive strength calculated from test data was larger than 
CSA value (Figure 5.48). The correction factor obtained from the tests decreased with the 
increase of h/t ratio (Figure 5.49 and Table 5.36). Consequently, the specified compressive 
strength for hollow prisms is conservative for CSA S304.1 (2004a). However, the correction 
factors in CSA S304.1 (2004a) do not change and hence, CSA S304.1 (2004a) recommendation 
does not agree with the test data of this study. 
 
Figure 5.48 Hollow prism specified compressive strengths comparison 
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Figure 5.49 Hollow prism correction factors comparison 
The correction factors obtained in this study are also compared with previous studies as shown in 
Tables 5.37 and 5.38. For hollow prism, the correction factors determined by Hamid et.al, (1985) 
and Khalaf (1996) was found to decrease with the increase of h/t ratio. The studies exhibited the 
same trend as the current study. Although Khalaf (1996) did not study prism with h/t of 4, the 
correction factors value for other three h/t ratios (h/t of 2, 3, and 5 to 10) are similar as current 
study. Wong and Drysdale (1985) found the correction factors for hollow prisms did not change 
among three, four and five course high prisms. This agreed with CSA S304.1 (2004a) 
recommendation. However, the correction factor for two course high is decreased. Hence, the 
correction factor provided by CSA S304.1 (2004a) are not correct. 
For grouted prism, the correction factors obtained from the current study are compared with the 
study of Boult (1979) and Wong and Drysdale (1985). All three studies exhibit the correction 
factors decrease with the increase of h/t ratio. Moreover, the correction factor values for current 
study and Wong and Drysdale (1985) study are found to be similar. For each h/t ratio, the 
correction factor is smaller than that of CSA value. Consequently, the grouted prism correction 
factors provided by CSA S304.1 (2004) are unconservative. 
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Table 5.37 Hollow prism correction factor comparison 
h/t ratio 
Hamid et. al, 
1985 
Wong and 
Drysdale, 1985 
Khalaf, 1996 Current study CSA 
Correction 
factor 
Correction factor 
Correction 
factor 
Correction 
factor 
Correction 
factor 
2 0.87 0.90 0.70 0.73 1.00 
3 0.94 1.02 0.82 0.74 1.00 
4 0.95 1.00 NA 0.91 1.00 
5 to 10 1.00 1.00 1.00 1.00 1.00 
 
The height-to-thickness ratio correction factors are also recommended by ASTM C1314 (2011a). 
However, two differences are found by comparing these two Standards. i) The correction factors 
for ASTM C1314 (2011a) do not classified by unit type (solid or hollow). ii) The reference of h/t 
ratio is 2 for ASTM C1314 (2011) and 5 for CSA S304.1 (2004a). The correction factors were 
compared among current study, CSA S304.1 (2004a), and ASTM C1314 (2011a) by proper 
modifications on correction factor tables (Table 5.39).  
Table 5.38 Grouted prism correction factor comparison 
h/t ratio 
Boult, 1979 
Wong and 
Drysdale, 1985 
Current study CSA 
Correction factor Correction factor Correction factor Correction factor 
2 0.74 0.69 0.63 0.85 
3 0.85 0.87 0.81 0.90 
4 0.96 0.90 0.91 0.95 
5 to 10 1.00 1.00 1.00 1.00 
 
A general rule is observed that the compressive strength for prism decrease with the increase of 
height-to-thickness ratio for both hollow and grouted prism. The correction factors for ASTM 
C1314 (2011a) are similar with grouted prism correction factor for CSA S304.1 (2004a). 
However, the correction factors provided by those two Standards are found to be unconservative 
which is also agreed with the previous study (Wong and Drysdale,1985; and Boult, 1979). Only 
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hollow prism correction factor recommended by CSA S304.1 (2004a) does not change with the 
h/t ratio. Hence, CSA correction factor does not agree with this study and ASTM C1314 (2011a) 
Table 5.39 Correction factor comparison among current study, ASTM, and CSA 
h/t 
ratio 
Correction factor 
Hollow prism 
for current study 
Grouted prism 
for current study 
Hollow prisms 
for CSA  
Grouted prisms 
for CSA  
ASTM 
C1314-11 
2 0.73 0.63 1.00 0.85 0.82 
3 0.74 0.81 1.00 0.90 0.88 
4 0.91 0.91 1.00 0.95 0.94 
5  1.00 1.00 1.00 1.00 1.00 
 
Influence of height-to-thickness (h/t) ratio on the modulus of elasticity obtained in this study is 
also compared with CSA S304.1 (2004a). The value in this study was calculated by averaging all 
Em value for every prism type. By using Equation 5.18 provided by CSA S304.1 (2004a), CSA 
value was derived from specified compressive strength (f’m). Table 5.40 and Figure 5.50 show 
the comparison between tested values and CSA values for grouted prism. Similarly, the 
comparison between tested values and CSA values are described in Table 5.41 and Figure 5.51 
for hollow prisms. The specified compressive strength value listed in Tables 5.33 and 5.34 are 
used to calculate the CSA value for grouted and hollow prism, respectively. 
Table 5.40 Grouted prism Em value comparison between tested value and CSA value 
h/t ratio Tested value CSA value 
2 21.8 18.6 
3 15.6 14.5 
4 14.5 12.8 
5 16.9 11.6 
 
The specified compressive strength (f’m) was found to be decreasing as the h/t ratio increase for 
both hollow and grouted prisms. For prisms with lower h/t ratio the end platen effect provided a 
larger portion of lateral confinement for prism than that of prism with higher h/t ratio. This 
phenomenon delayed the occurrence of vertical crack resulting in increase of the prism 
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compressive strength for shorter prisms (h/t = 2). The change in Em values should follow the 
same pattern, since Em value is linear related to f’m value CSA S304.1a (2004a).  
 
 
Figure 5.50 Grouted prism Em values  
 
Table 5.41 Hollow prism Em value comparison between tested value and CSA value 
h/t ratio Tested value (GPa) CSA value (GPa) 
2 16.2 21.0 
3 13.1 20.7 
4 18.2 16.8 
5 15.2 15.3 
 
 
Figure 5.51 Hollow prism Em values 
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For grouted prism, although the tested values were all larger than the CSA values, the decreasing 
trend with the increase of h/t ratio for both test data and CSA values was found except for the 
tested Em value for prism with h/t of 5 (Figure 5.50). This exception is due to large C.O.V. for 
five course high prism. However, in general, it can still be concluded that the modulus of 
elasticity was found to be decreasing with the increasing of h/t ratio for grouted prism.  
For hollow prisms, only CSA value was found to decrease as h/t ratio increases. No specific 
pattern was observed in the tested Em values. This might be because the linear potentiometers 
used in this study did not function properly. 
5.5.2 EFFECT OF BOND TYPES 
Both running and stack bonds were used to build two course high grouted and hollow prisms 
(Sections5.3.5 and 5.3.6). Independent sample t-test was used to determine the statistical 
relationship between the f’m of running bond prism and stack bond prisms (Tables 5.42 and 5.43). 
Null hypothesis was established as the average compressive strength for prisms between two 
bond patterns was equal (          ). Alternative hypothesis was set as the average 
compressive strengths for prism with two bond patterns are not equal (         ).  
By observing the grouted prism test result, the calculated t-value was smaller than critical t-value, 
also the related probability was larger than 0.05 for grouted prisms. Hence, null hypothesis was 
accepted. Consequently, it was found that the difference in average compressive strength for 
prism built with two bond types were statistically insignificant. Hence, the bond type did not 
have significant influence on prism compressive strength of two course high grouted prism 
which agrees with the previous studies ((Hegemier et al., 1978; Drysdale and Hamid, 1979). 
For hollow prisms, null hypothesis was accepted in this test (p=0.713>0.05). Hence, the 
difference in compressive strength between two bond types was statistically insignificant. From 
prism test result it can be found that the prism built with stack bond shower higher compressive 
strength than prism built with running bond pattern (see Tables 5.19 and 5.20, Sections 5.3.5 and 
5.3.6) which agrees with previous study by Ganesan and Ramamurthy (1992). However, t-test 
proved that the strength improvement induced by stack bond was statistically insignificant. The 
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t-test result accuracy is influenced by the sample size. In order to obtain a more reliable result 
more specimens should be tested.  
Table 5.42 Independent sample t-test result for two course high grouted prisms 
Prism A  Prism B DF t t critical P  LS H0 H1 
Stack bond Running bond 8 2.073 2.306 0.072 0.05 Accept Reject 
 
Table 5.43 Independent sample t-test result for two course high hollow prisms  
Prism A  Prism B DF t t critical P  LS H0 H1 
Stack bond Running bond 8 -0.395 2.306 0.713 0.05 Accept Reject 
 
5.5.3 EFFECT OF MORTAR BEDDING TYPE 
In order to further investigate the effect of mortar bedding type on prism compressive strength 
four course high hollow prisms was built in two sets one with face shell bedding and others set 
with full shell bedding. Although both average and specified compressive strength for full 
bedded prisms was higher than that of face shell bedded prisms, it cannot be concluded that the 
difference is statistically significant (see Section 5.3.2 and 5.3.3). The independent sample t-test 
was used to assess the significance of this strength difference. Null hypothesis if established then 
the average compressive strength for prisms between two mortar beddings is statistically equal 
(         ). Alternative hypothesis if established then the average compressive strengths for 
prisms with two mortar beddings are not equal (         ). By observing the t-test results 
(Table 5.44), null hypothesis is accepted due to p-value is larger than 0.05. This represents that 
prism strength difference between full bedding and face shell bedding is statistically 
insignificance. Although the prism test result was found to be agreed with previous study (Hamid 
and Chukwunenye, 1986 and Ganesan and Ramamurthy, 1992), the t-test result proved the 
strength improvement produced by full mortar bedding was statistically insignificant. Again, the 
t-test result in this study lacks the accuracy due to a small sample size (5 specimens in each 
group). 
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Table 5.44 Independent sample t-test result for hollow prism  
Prism A  Prism B DF t t critical P  LS H0 H1 
Face shell 
bedding 
Full 
bedding 
8 -1.936 2.306 0.089 0.05 Accept Reject 
 
5.6 SUMMARY 
This chapter described the compressive test results for both grouted and hollow prism. By 
conducting test data analysis and statistical analysis, the effect of three parameters (h/t ratio, 
mortar bedding type, and bond type) on concrete masonry prism compressive strength was 
obtained within the scope of this work.  
The compressive strength decreases with the increase of h/t ratio for both grouted and hollow 
prism. The correction factor for every h/t ratio obtained from this study is smaller than that of 
CSA S304.1 (2004a). Hence, the correction factors provided by CSA S304.1 (2004a) are 
unconservative which does not correctly describe the fact that the value of f’m decrease with the 
increase of h/t ratio. 
According to the test result, the effect of bond type on two course high grouted prism 
compressive strength is statistically negligible. For hollow prism with h/t of 2, prism with stack 
bond showed higher compressive strength than prism with running bond. However, the 
compressive strength difference between two bond types was statistically insignificant. 
Two mortar beddings are used to build hollow prism with h/t of 4. The compressive strength for 
prism with full bedding is higher than that of prism with face shell bedding. However, the 
strength improvement is statically insignificant. 
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 SUMMARY, CONCLUSIONS, AND RECOMMENDATONS 6.
 
6.1 SUMMARY 
This study undertook a large number of tests on Concrete prism specimens to achieve the 
following objectives: 
 Determine the effect of height-to-thickness ratio on the compressive strength of concrete 
masonry prisms. 
 Investigate the effect of bedding type on the compressive strength of concrete masonry 
prisms. 
 Study the effect of joint type (bond type) on the compressive strength of concrete masonry 
prism. 
To accomplish these objectives, a total of 78 prism specimens were built and tested. All the 
constituents of the masonry prisms were tested to determine the properties. The same block, 
mortar, and grout mix were used in all prism specimens. 
All 78 prisms were divided into two sets which are grouted prisms and hollow prisms. For 
grouted prisms, a total of 36 specimens were built into six different types. Each type contained 
six specimens. The parameters distinguished among types were: (i) height-to-thickness ratio (2, 3, 
4, and 5), (ii) bond type (running bond and stack bond). For hollow prisms, a total of 42 prisms 
were constructed into seven different types which also contained six specimens in each set. The 
parameters varied among prism sets were: (i) height-two-thickness ratio (2, 3, 4, and 5), (ii) bond 
type (running bond and stack bond), (iii) mortar bedding type (face shell bedding and full 
bedding). 
Concrete blocks with actual dimensions of 390mm long × 190mm wide × 190mm high (nominal 
dimensions are 400mm long × 200mm wide × 200mm high) were used to build all prism 
specimens. Compressive tests were conducted to determine the strength of the block unit. The 
block unit have a strength of 29MPa, as determined by one sample t-test.  
According to CSA A179 (2004c), type S mortar with volume proportions of 5:1:0.5 (sand : 
cement : hydrated lime) was used to build both grouted and hollow prisms. A total of 15 batches 
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of mortar were mixed. A one sample t-test was used to determine the strength of the mortar. The 
28
th
 day compressive strength of 19MPa was statistically acceptable for all mortar batches. An 
independent sample t-test was conducted to evaluate the significance of the difference in strength 
among mortar batches. The strength differences among most batches were statistically 
insignificant. 
Fine grout with volume proportions of 4.5:1 (sand : cement) was used in the current study. Both 
compression test and slump test were conducted on different grout batches so as to evaluate the 
properties of the grout. The slump height for every grout batch was above 250mm. The average 
in-situ grout compressive strength on prism-test day was 23.3MPa. The 28th day compressive 
strength of grout cylinder of 20MPa was statistically proved by a one-sample t-test. The strength 
difference among grout batches was determined statistically significant by independent sample t-
test due to large C.O.V. value (10.8%). 
One sample t-test was also used to evaluate if the compressive strength for individual prisms can 
statistically represent the general prism strength. The calculated t-value was less than critical t-
value for all prism sets. The null hypothesis was accepted which indicated that the tested prism 
specimens’ compressive strength for each prism type can statistically represent the general 
strength of that particular prism type. 
The height-to-thickness ratio was found to have a negative effect on the compressive strength of 
grouted prism. The specified compressive strength decreased with the increase of h/t ratio. The 
f’m value decreased from 13.7MPa for five course high prisms to 21.8MPa for two course high 
prisms. This effect was also numerically described by a correction factor. The correction factors 
obtained from current study were less than those specified by CSA S304.1 (2004a) which 
indicates that the correction factors in CSA S304.1 (2004a) are unconservative. The difference in 
f’m values among prisms with various h/t ratios were found to be statistically significant by one-
way ANOVA test. 
The specified compressive strength (f’m) for five course high hollow prisms was found to be 27% 
lower than two course high hollow prisms. The f’m value for hollow prisms decreased from 
24.8MPa for two course high prisms to 18.0MPa for five course high prisms. The correction 
factor decreased from 1.00 for prisms with h/t of 5 to 0.73 for prisms with h/t of 2. According to 
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CSA S304.1 (2004a), the specified compressive strength of hollow prisms does not change with 
the h/t ratio. This does not agree with the findings of this study. Hence, the current study found 
that CSA S304.1 (2004a) does not correctly describe the fact that the value of f’m for hollow 
prisms changes with the h/t ratio. One-way ANOVA test determined the difference in f’m values 
among prisms is statistically significant. 
The modulus of elasticity (Em) was also determined from the test results. The tested results were 
compared to those calculated using various codes/standards (CSA S304.1, 2004c; Eurocode 6, 
2001; AS 3700, 2001; and ASTM 530.1, 2008). The Em value provided by Eurocode 6 (2001) 
showed the best fit with the test data for grouted prisms. None of the standards /codes was found 
to agree well with the test values for hollow prisms. The C.O.V. for each Em value was large 
which indicated that the Em values obtained from the test were not acceptable. 
Two bond types (running bond and stack bond) were built for both two course high grouted and 
two course high hollow prisms. The prism compressive strength for two course high grouted 
prisms with stack bond was higher than that of prisms with running bond. However, the strength 
difference was statistically insignificant. Hence, the bond type effect was negligible for two 
course high grouted prism. Two course high hollow prisms built with stack bond also showed 
higher compressive strength than two course high hollow prisms built with running bond. 
However, t-test proved that the strength improvement induced by stack bond was statistically 
insignificant. 
Two mortar bedding (face shell bedding and full bedding) were built for four course high hollow 
prisms. Both average and specified compressive strength for full bedded prism was higher than 
that of face shell bedded prism. However, the strength difference between full bedding and face 
shell bedding was statistically insignificant. 
6.2 CONCLUSION 
The conclusions made here are based on the results obtained in this study. All prisms were built 
using only one block type, mortar mix, and grout mix. Hence, these conclusions may not be 
applicable to other concrete masonry prisms. 
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 The compressive strength for both grouted and hollow prisms decreases with the increase of 
height-to-thickness ratio. 
 The correction factor recommended by CSA S304.1 (2004a) is unconservative to describe 
the fact that the value of f’m changes with height-to-thickness ratio for both hollow and 
grouted prism. 
 For hollow prisms, the failure mode for two course high prisms is a combination of shear and 
sliding which is different compared to typical tensile splitting for prism with higher height-
to-thickness ratio.  
 The strength improvement induced by prisms built with full bedding compared to prisms 
built with face shell bedding is statistically insignificant. 
 The effect of bond type on the strength of two course high prism strength is also statistically 
insignificant.  
 
6.3 RECOMMENDATIONS 
The following recommendations are made for future research. 
 Use of other block units, mortar mix, and grout mix to build prisms to expend the range 
of test conditions. 
 Test more prisms for analyzing the effect of bond type and mortar bedding on prism 
compressive strength. 
 More mortar cubes and grout cylinders should be prepared for each batch so as to 
improve the accuracy of statistical analysis result. 
 Using other sensitive displacement measuring devices instead of linear potentiometers to 
measure the displacement of prism under compression. 
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APPENDIX A-CRITICAL VALUES FOR T AND F DISTRIBUTION 
Table A-1 Critical values for t-distribution (Confidence level = 95%) 
df                      0.2 0.1 0.05 0.02 0.01 
1 3.078 6.314 12.706 31.821 63.656 
2 1.886 2.92 4.303 6.965 9.925 
3 1.638 2.353 3.182 4.541 5.841 
4 1.533 2.132 2.776 3.747 4.604 
5 1.476 2.015 2.571 3.365 4.032 
6 1.44 1.943 2.447 3.143 3.707 
7 1.415 1.895 2.365 2.998 3.499 
8 1.397 1.86 2.306 2.896 3.355 
9 1.383 1.833 2.262 2.821 3.25 
10 1.372 1.812 2.228 2.764 3.169 
11 1.363 1.796 2.201 2.718 3.106 
12 1.356 1.782 2.179 2.681 3.055 
13 1.35 1.771 2.16 2.65 3.012 
14 1.345 1.761 2.145 2.624 2.977 
15 1.341 1.753 2.131 2.602 2.947 
16 1.337 1.746 2.12 2.583 2.921 
17 1.333 1.74 2.11 2.567 2.898 
18 1.33 1.734 2.101 2.552 2.878 
19 1.328 1.729 2.093 2.539 2.861 
20 1.325 1.725 2.086 2.528 2.845 
21 1.323 1.721 2.08 2.518 2.831 
22 1.321 1.717 2.074 2.508 2.819 
23 1.319 1.714 2.069 2.5 2.807 
24 1.318 1.711 2.064 2.492 2.797 
25 1.316 1.708 2.06 2.485 2.787 
26 1.315 1.706 2.056 2.479 2.779 
27 1.314 1.703 2.052 2.473 2.771 
28 1.313 1.701 2.048 2.467 2.763 
29 1.311 1.699 2.045 2.462 2.756 
30 1.31 1.697 2.042 2.457 2.75 
60 1.296 1.671 2 2.39 2.66 
120 1.289 1.658 1.98 2.358 2.617 
∞ 1.282 1.645 1.96 2.326 2.576 
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Table A-2 Critical values for F-distribution (Confidence level = 95%) 
 
1 2 3 4 5 6 7 8 9 10 
1 161.448 199.5 215.707 224.583 230.162 233.986 236.768 238.882 240.543 241.882 
2 18.513 19 19.164 19.247 19.296 19.33 19.353 19.371 19.385 19.396 
3 10.128 9.552 9.277 9.117 9.013 8.941 8.887 8.845 8.812 8.786 
4 7.709 6.944 6.591 6.388 6.256 6.163 6.094 6.041 5.999 5.964 
5 6.608 5.786 5.409 5.192 5.05 4.95 4.876 4.818 4.772 4.735 
6 5.987 5.143 4.757 4.534 4.387 4.284 4.207 4.147 4.099 4.06 
7 5.591 4.737 4.347 4.12 3.972 3.866 3.787 3.726 3.677 3.637 
8 5.318 4.459 4.066 3.838 3.687 3.581 3.5 3.438 3.388 3.347 
9 5.117 4.256 3.863 3.633 3.482 3.374 3.293 3.23 3.179 3.137 
10 4.965 4.103 3.708 3.478 3.326 3.217 3.135 3.072 3.02 2.978 
11 4.844 3.982 3.587 3.357 3.204 3.095 3.012 2.948 2.896 2.854 
12 4.747 3.885 3.49 3.259 3.106 2.996 2.913 2.849 2.796 2.753 
13 4.667 3.806 3.411 3.179 3.025 2.915 2.832 2.767 2.714 2.671 
14 4.6 3.739 3.344 3.112 2.958 2.848 2.764 2.699 2.646 2.602 
15 4.543 3.682 3.287 3.056 2.901 2.79 2.707 2.641 2.588 2.544 
16 4.494 3.634 3.239 3.007 2.852 2.741 2.657 2.591 2.538 2.494 
17 4.451 3.592 3.197 2.965 2.81 2.699 2.614 2.548 2.494 2.45 
18 4.414 3.555 3.16 2.928 2.773 2.661 2.577 2.51 2.456 2.412 
19 4.381 3.522 3.127 2.895 2.74 2.628 2.544 2.477 2.423 2.378 
20 4.351 3.493 3.098 2.866 2.711 2.599 2.514 2.447 2.393 2.348 
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APPENDIX B– MATERIAL STATISTIC ANALYSIS RESULTS: 
Table B-1: 28
th
 day one sample t-test result for mortar 
Mortar Batch Comp. Strength (MPa) Assumed Compressive Strength (MPa) 
1 
17.0 
19.0 
18.1 
15.8 
2 
17.2 
17.9 
18.2 
3 
18.2 
16.0 
17.2 
4 
15.2 
15.8 
15.6 
16.0 
5 
16.3 
16.9 
16.4 
16.4 
6 
20.1 
19.8 
21.4 
7 
21.0 
22.2 
20.6 
8 
19.5 
21.3 
19.9 
9 
22.6 
20.9 
22.0 
10 
21.3 
22.9 
22.1 
11 
19.9 
20.5 
19.3 
MEAN 18.9 
STDEV 2.381 
DF 34 
tested t - value  -0.249 
critical t value 2.032 
tested p - value 0.805 
P value  0.05 
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Table B-2: Prism test day one sample t-test result for mortar 
Mortar Batch Comp. Strength (MPa) Assumed Compressive Strength (MPa) 
1 
19.3 
21.0 
19.4 
18.0 
2 
18.3 
17.8 
18.4 
3 
22.1 
19.4 
20.8 
4 
16.9 
17.5 
17.7 
16.5 
5 
18.2 
18.5 
17.9 
18.0 
6 
21.7 
22.8 
21.9 
7 
23.0 
22.2 
23.3 
8 
20.9 
22.6 
20.7 
9 
24.2 
22.5 
23.7 
10 
22.9 
24.8 
23.7 
11 
20.5 
21.8 
20.9 
MEAN 20.5 
STDEV 2.376 
DF 34 
tested t - value 1.153 
critical t value 2.032 
tested P - value 0.257 
P value 0.05 
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Table B-3: 28
th
 day one sample t-test for grout 
 
Grout Batch Comp. Strength (MPa) Assumed Compressive Strength (MPa) 
1 
18.3 
20.0 
19.2 
18.4 
18 
2 
22.7 
22.4 
20.8 
21.8 
3 
19.7 
19.4 
19.9 
19.9 
4 
17.4 
16.8 
17 
16.8 
MEAN 19.3 
STDEV 1.923 
DF 15 
tested t - value  -1.496 
critical t value 2.032 
tested p - value 0.155 
p value  0.05 
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Table B-4: Prism test day one sample t-test for Grout 
Grout Batch Comp. Strength (MPa) Assumed Compressive Strength (MPa) 
1 
18 
20.0 
19.9 
18.6 
20.4 
2 
23.5 
23.6 
22.1 
23.5 
3 
17 
19.9 
18.7 
17.6 
4 
16.4 
17.5 
17.4 
16 
MEAN 19.4 
STDEV 2.586 
DF 15 
tested t - value  -0.958 
critical t value 2.032 
tested p - value 0.353 
p value  0.05 
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APPENDIX C-GROUTED PRISM TEST RESULT 
Table C-1 Prism tested result (5GRFS) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
5GRFS-1 41 
17.0 17.1  
1260.4  70500 17.9  
17.2  2.1  12.36% 13.7  
5GRFS-2 41 1023.5  70500 14.5  
5GRFS-3 41 1346.5  70500 19.1  
5GRFS-4 42 1082.9  70500 15.4  
5GRFS-5 45 1342.2  70500 19.0  
5GRFS-6 45 906.3  70500 12.9  
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Table C-2 Prism tested result (4GRFS (first set)) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
4GRFS-1 46 
17.1 19.7  
979.8 70500 13.9  
16.4 1.7 10.23% 13.7  
4GRFS-2 48 1210.4 70500 17.2  
4GRFS-3 47 1205.0 70500 17.1 
4GRFS-4 46 792.9 70500 11.2  
4GRFS-5 48 1230.4 70500 17.5  
4GRFS-6 48 744.8 70500 10.6  
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Table C-3 Prism tested result (4GRFS (repeat test)) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
4GRFS-1 26 
17.1 19.7  
1085.6 70500 15.4  
16.3 0.8 4.71% 15.0  
4GRFS-2 26 954.9 70500 13.5  
4GRFS-3 43 1205.0 70500 17.1  
4GRFS-4 43 1132.6 70500 16.1  
4GRFS-5 43 1114.3 70500 15.8   
4GRFS-6 26 1204.5 70500 17.1  
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Table C-4 Prism tested result (3GRFS) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
3GRFS-1 50 
17.8 21.9  
1144.0 70500 16.2  
20.2 1.9 9.55% 17.0  
3GRFS-2 53 1480.5 70500 21.0  
3GRFS-3 50 1538.3 70500 21.8  
3GRFS-4 53 1187.2 70500 16.8  
3GRFS-5 52 1448.1 70500 20.5  
3GRFS-6 50 1452.4 70500 20.6  
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Table C-5 Prism tested result (2GSFS) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
2GSFS-1 54 
15.7 18.5  
1902.3 70500 27.0  
23.4 0.9 4.03% 21.8  
2GSFS-2 54 1658.1 70500 23.5  
2GSFS-3 54 1564.2 70500 22.2  
2GSFS-4 54 1636.0 70500 23.2  
2GSFS-5 54 1631.2 70500 23.1  
2GSFS-6 55 1748.4 70500 24.8  
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Table C-6 Prism tested result (2GRFS) 
Test 
Specimen 
Test 
Day 
28-day 
Mortar 
strength 
(MPa) 
28-day 
Grout 
strength 
(MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V (%) 
f'm 
(MPa) 
2GRFS-1 86 
15.7 18.5  
1349.6 70500 19.1  
22.4 0.5 2.25% 21.5  
2GRFS-2 86 1602.6 70500 22.7  
2GRFS-3 86 1547.9 70500 22.0  
2GRFS-4 86 1612.3 70500 22.9  
2GRFS-5 86 1544.8 70500 21.9  
2GRFS-6 86 1188.4 70500 16.9  
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APPENDIX D-HOLLOW PRISM TEST RESULT 
Table D-1 Prism tested result (5HRFS) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
5HRFS-1 44 
19.8 
635.6 27585.8 23.0  
21.4  2.1  9.69% 18.0  
5HRFS-2 44 664.2  27585.8 24.1  
5HRFS-3 47 530.3  27585.8 19.2 
5HRFS-4 47 558.3  27585.8 20.2 
5HRFS-5 47 475.0  27585.8 17.2 
5HRFS-6 48 559.5  27585.8 20.3 
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Table D-2 Prism tested result (4HRFS) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
4HRFS-1 37 
22.1 
692.0 27585.8 21.9 
22.5  1.7  7.49% 19.8  
4HRFS-2 37 588.3 27585.8 21.3 
4HRFS-3 37 582.5 27585.8 21.1 
4HRFS-4 37 696.5 27585.8 25.2 
4HRFS-5 40 633.0 27585.8 22.9 
4HRFS-6 42 520.6 27585.8 18.9 
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Table D-3 Prism tested result (4HRFB) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
4HRFB-1 40 
21.8 
655.7 27585.8 23.8 
24.1  0.59  2.46% 23.1  
4HRFB-2 41 675.8 27585.8 24.5 
4HRFB-3 42 700.0 27585.8 25.4 
4HRFB-4 43 657.5 27585.8 23.8 
4HRFB-5 43 685.4 27585.8 24.8 
4HRFB-6 44 644.7 27585.8 23.4 
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Table D-4 Prism tested result (3HRFS) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
3HRFS-1 50 
20.2 
703.1 27585.8 25.5 
25.1  0.49  1.95% 24.3  
3HRFS-2 51 680.6 27585.8 24.7 
3HRFS-3 51 710.4 27585.8 25.8 
3HRFS-4 51 680.6 27585.8 24.7 
3HRFS-5 51 549.8 27585.8 29.9 
3HRFS-6 51 688.5 27585.8 25.0 
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Table D-5 Prism tested result (2HRFS) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
2HRFS-1 54 
21.3 
799.8 27585.8 29.0 
27.8  1.83  6.61% 24.8  
2HRFS-2 54 728.6 27585.8 26.4 
2HRFS-3 54 559.5 27585.8 20.3 
2HRFS-4 55 751.0 27585.8 27.2 
2HRFS-5 55 835.1 27585.8 30.3 
2HRFS-6 55 714.0 27585.8 25.9 
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Table D-6 Prism tested result (2HSFS) 
Test 
Specimen 
Test 
Day 
28-day Mortar 
strength (MPa) 
Max. 
Compressive 
load(KN) 
Effective 
area(mm²) 
Compressive 
stress(MPa) 
fav 
(MPa) 
Standard 
deviation 
C.O.V 
(%) 
f'm 
(MPa) 
2HSFS-1 56 
21.3 
983.5 24513.5 40.1 
28.6  3.84  13.45% 22.2  
2HSFS-2 56 558.9 24513.5 22.8 
2HSFS-3 56 624.6 24513.5 25.5 
2HSFS-4 57 780.3 24513.5 31.8 
2HSFS-5 57 784.0 24513.5 32.0 
2HSFS-6 57 613.7 24513.5 25.0 
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APPENDIX E-GROUTED PRISM STRESS-STRAIN CURVE 
 
 
Figure E-1: Stress-strain Curve for 2GSFS-1 
   
Figure E-2: Stress-strain curve for 2GSFS-2 
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Figure E-3: Stress-strain curve for 2GSFS-3 
 
 
Figure E-4: Stress-strain curve for 2GSFS-4 
  
0
2
4
6
8
10
12
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
St
re
ss
 (
M
P
a)
 
Strain (mm) 
Pot 1 (SE)
Pot 2 (SW)
Pot 3 (NE)
Pot 4 (NW)
Average
0
2
4
6
8
10
12
14
0 0.0002 0.0004 0.0006 0.0008 0.001
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
Pot 1 (SE)
Pot 2 (SW)
Pot 3 (NE)
Pot 4 (SW)
Average
 155 
 
 
Figure E-5: Stress-strain curve for 2GSFS-5 
 
 
Figure E-6: Stress-strain curve for 2GSFS-6 
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Figure E-7: Stress-strain curve for 2GRFS-1 
 
 
Figure E-8: Stress-strain curve for 2GRFS-2 
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Figure E-9: Stress-strain curve for 2GRFS-3 
 
Figure E-10: Stress-strain curve for 2GRFS-4 
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Figure E-11: Stress-strain curve for 2GRFS-5 
 
 
Figure E-12: Stress-strain curve for 2GRFS-6 
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Figure E-13: Stress-strain curve for 3GRFS-1 
 
 
Figure E-14: Stress-strain curve for 3GRFS-2 
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Figure E-15: Stress-strain curve for 3GRFS-3 
 
 
Figure E-16: Stress-strain curve for 3GRFS-4 
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Figure E-17: Stress-strain curve for 3GRFS-5 
 
 
 
Figure E-18: Stress-strain curve for 3GRFS-6 
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Figure E-19: Stress-strain curve for 4GRFS-1 (First set) 
 
 
 
Figure E-20: Stress-strain curve for 4GRFS-2 (First set) 
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Figure E-21: Stress-strain curve for 4GRFS-3 (First set) 
 
 
 
 
Figure E-22: Stress-strain curve for 4GRFS-4 (First set) 
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Figure E-23: Stress-strain curve for 4GRFS-5 (First set) 
 
 
Figure E-24: Stress-strain curve for 4GRFS-6 (First set) 
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Figure E-25: Stress-strain curve for 4GRFS-1 (Repeat set) 
 
Figure E-26: Stress-strain curve for 4GRFS-2 (Repeat set) 
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Figure E-27: Stress-strain curve for 4GRFS-3 (Repeat set) 
 
Figure E-28: Stress-strain curve for 4GRFS-4 (Repeat set) 
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Figure E-29: Stress-strain curve for 4GRFS-5 (Repeat set) 
 
Figure E-30: Stress-strain curve for 4GRFS-6 (Repeat set) 
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Figure E-31: Stress-strain curve for 5GRFS-1 
 
 
Figure E-32: Stress-strain curve for 5GRFS-2 
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Figure E-33: Stress-strain curve for 5GRFS-3 
 
 
Figure E-34: Stress-strain curve for 5GRFS-4 
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Figure E-35: Stress-strain curve for 5GRFS-5 
 
Figure E-36: Stress-strain curve for 5GRFB-6 
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APPENDIX F-HOLLOW PRISM STRESS-STRAIN CURVE 
 
Figure F-1: Stress-strain curve for 2HRFS-1 
 
Figure F-2: Stress-strain curve for 2HRFS-2 
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Figure F-3: Stress-strain curve for 2HRFS-3 
 
Figure F-4: Stress-strain curve for 2HRFS-5 
  
0
2
4
6
8
10
12
14
16
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (NW)
LP9 (NE)
LP10 (SE)
SM2-2 (SW)
Ave.
0
2
4
6
8
10
12
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (NW)
LP10 (SE)
SM2-2 (SW)
Ave.
 173 
 
 
Figure F-5: Stress-strain curve for 2HRFS-6 
 
 
Figure F-6: Stress-strain curve for 2HSFS-1 
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Figure F-7: Stress-strain curve for 2HSFS-2 
 
Figure F-8: Stress-strain curve for 2HSFS-3 
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Figure F-9: Stress-strain curve for 2HSFS-4 
 
 
Figure F-10: Stress-strain curve for 2HSFS-5 
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Figure F-11: Stress-strain curve for 2HSFS-6 
 
Figure F-12: Stress-strain curve for 3HRFS-1 
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Figure F-13: Stress-strain curve for 3HRFS-2 
 
Figure F-14: Stress-strain curve for 3HRFS-3 
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Figure F-15: Stress-strain curve for 3HRFS-4 
 
Figure F-16: Stress-strain curve for 3HRFS-5 
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Figure F-17: Stress-strain curve for 3HRFS-6 
 
Figure F-18: Stress-strain curve for 4HRFS-1 
  
0
2
4
6
8
10
12
0 0.0005 0.001 0.0015 0.002
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (SW)
LP 9 (SE)
LP 10 (NE)
SM 2-2 (NW)
Ave.
0
1
2
3
4
5
6
7
8
9
10
0 0.0005 0.001 0.0015 0.002
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (NE)
LP 10 (NW)
LP 9 (SW)
SM 2-2 (SE)
Ave.
 180 
 
 
Figure F-19: Stress-strain curve for 4HRFS-2 
 
Figure F-20: Stress-strain curve for 4HRFS-3 
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Figure F-21: Stress-strain curve for 4HRFS-4 
 
Figure F-22: Stress-strain curve for 4HRFS-5 
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Figure F-23: Stress-strain curve for 4HRFS-6 
 
Figure F-24: Stress-strain curve for 4HSFS-1 
  
0
2
4
6
8
10
12
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (SE)
LP 10 (SW)
LP 9 (NE)
SM 2-2 (NW)
Ave.
0
2
4
6
8
10
12
0 0.0002 0.0004 0.0006 0.0008 0.001
St
re
ss
 (
M
P
a)
 
Strain (mm/mm) 
SM1-2 (SW)
LP 10 (SE)
LP 9 (NE)
SM 2-2 (NW)
Ave.
 183 
 
 
Figure F-25: Stress-strain curve for 4HSFS-2 
 
Figure F-26: Stress-strain curve for 4HSFS-3 
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Figure F-27: Stress-strain curve for 4HSFS-4 
 
Figure F-28: Stress-strain curve for 4HSFS-5 
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Figure F-29: Stress-strain curve for 4HSFS-6 
 
 
Figure F-30: Stress-strain curve for 5HRFS-1 
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Figure F-31: Stress-strain curve for 5HRFS-2 
 
Figure F-32: Stress-strain curve for 5HRFS-3 
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Figure F-33: Stress-strain curve for 5HRFS-4 
 
Figure F-34: Stress-strain curve for 5HRFS-5 
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Figure F-35: Stress-strain curve for 5HRFS-6 
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